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ABSTRACT

We present new Hubble Space Telescope/Wide Field Camera 3 (HST/WFC3) imaging of
25 extremely luminous (—23.2 < Myy < —21.2) Lyman-break galaxies (LBGs) at 7 =~
7. The sample was initially selected from 1.65 deg? of ground-based imaging in the Ul-
traVISTA/COSMOS and UDS/SXDS fields, and includes the extreme Lyman o emitters,
‘Himiko’ and ‘CR7’. A deconfusion analysis of the deep Spitzer photometry available sug-
gests that these galaxies exhibit strong rest-frame optical nebular emission lines (EWo(HB +
[Om]) > 600A). We find that irregular, multiple-component morphologies suggestive of
clumpy or merging systems are common (fy,, > 0.4) in bright z >~ 7 galaxies, and ubiquitous
at the very bright end (Myy < —22.5). The galaxies have half-light radii in the range r{, ~ 0.5-
3 kpc. The size measurements provide the first determination of the size—luminosity relation at
z =2 7 that extends to Myy ~ —23. We find the relation to be steep with r, o L'2. Exclud-
ing clumpy, multicomponent galaxies however, we find a shallower relation that implies an
increased star formation rate surface density in bright LBGs. Using the new, independent,
HST/WFC3 data we confirm that the rest-frame UV luminosity function at z >~ 7 favours a
power-law decline at the bright end, compared to an exponential Schechter function drop-off.
Finally, these results have important implications for the Euclid mission, which we predict
will detect >1000 similarly bright galaxies at z >~ 7. Our new HST imaging suggests that the
vast majority of these galaxies will be spatially resolved by Euclid, mitigating concerns over

dwarf star contamination.
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1 INTRODUCTION

The study of extremely high redshift galaxies provides key insight
into the earliest stages of galaxy evolution. Over the last decade,
the observational frontier has extended well into the first billion
years of the history of the Universe, with hundreds of Lyman-break
galaxies (LBGs) now known at z > 6 (e.g. McLure et al. 2013;
Bowler et al. 2014; Bouwens et al. 2015; Finkelstein et al. 2015),
and samples extending to z >~ 9 (e.g. Oesch et al. 2014; McLeod,
McLure & Dunlop 2016). The selection of z > 6.5 LBGs requires
deep near-infrared imaging to detect the rest-frame UV emission as
it is redshifted beyond A.,s ~ 1 pm. As a consequence, the field has
expanded rapidly since the installation of the Wide Field Camera
3 (WFC3) on the Hubble Space Telescope (HST) in 2009, through
deep optical and near-infrared surveys from HST such as the Ul-
tra Deep Field (UDF; Beckwith et al. 2006; Ellis et al. 2013;
Illingworth et al. 2013), the Cosmic Origins Deep Extragalac-

* E-mail: rebecca.bowler@physics.ox.ac.uk

tic Legacy Survey (CANDELS; Grogin et al. 2011; Koekemoer
etal. 2011), the Cluster Lensing and Supernova Survey with Hubble
(CLASH; Postman et al. 2012), and the Frontier Fields programme
(HFF; PI Lotz). However, despite their success, these HST surveys
have only sampled relatively small cosmological volumes (cover-
ing at most ~0.2 deg? on the sky) and therefore provide samples
dominated by sub-L* galaxies. Instead, wide-area ground-based
imaging, such as the UK Infrared Telescope (UKIRT) Ultra Deep
Survey (Lawrence et al. 2007) and the UltraVISTA survey (Mc-
Cracken et al. 2012), which cover several square degrees on the sky,
have led the way in the selection of the brightest known z > 6 galax-
ies (Bowler et al. 2012, 2014, 2015; Willott et al. 2013). Combined,
these imaging campaigns have revolutionized our understanding of
the luminosity functions (LFs; e.g. McLure et al. 2013; Bouwens
et al. 2015; Bowler et al. 2015; Finkelstein et al. 2015) and stellar
populations (e.g. Dunlop et al. 2013; Bouwens et al. 2014; Rogers
et al. 2014) of LBGs from z = 6 to z = 8. A detailed size and
morphological analysis of high-redshift galaxies however has been
confined to samples of fainter LBGs detected by HST/WFC3, sim-
ply due to the compact nature of these galaxies when compared to
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the typical seeing of ground-based near-infrared observations (typ-
ical full width at half-maximum, FWHM =~ 0.8 arcsec). Even with
the superior resolution of HST (FWHM = 0.2 arcsec), size measure-
ments of high-redshift galaxies are challenging, with typical LBGs
at z > 6 showing half-light radii of r;» < 0.5 kpc (<0.1 arcsec;
Oesch et al. 2010; Ono et al. 2013; Kawamata et al. 2015). Never-
theless, the evolution in galaxy size from z >~ 4 to z >~ 1 has now
been reasonably well constrained by several studies (e.g. Bouwens
et al. 2006; Mosleh et al. 2011), which have shown a strong evolu-
tion in the typical sizes of faint (L < L*) LBGs during this period.
From z = 4 to 8, the size evolution is less certain and can depend
strongly on the selection procedure (e.g. Grazian et al. 2012; Huang
et al. 2013, and see the discussion of selection effects in the work of
Shibuya, Ouchi & Harikane 2015a in Curtis-Lake et al. 2016) and
the definition of the ‘typical’ galaxy size.

In addition to charting the evolution in the galaxy size with red-
shift, another key constraint on the formation mechanisms of galax-
ies comes from the observed size—luminosity or size—mass relation
(Shen et al. 2003). A size—mass relation has been claimed to exist
up to z =~ 4 (Law et al. 2012), suggesting an early onset to the
key astrophysical processes thought to impact the relation, such as
feedback and/or mergers (e.g. Lacey et al. 2016). At z > 4 however,
the masses derived from spectral energy distribution (SED) fitting
become significantly more uncertain and the relation has yet to be
confirmed (Mosleh et al. 2011). Instead, at the highest redshifts,
the correlation between rest-frame UV luminosity and size is fre-
quently measured. At z >~ 7, studies of the sizes of galaxies in the
UDF (Oesch et al. 2010; Ono et al. 2013) and CANDELS (Grazian
et al. 2012; Shibuya et al. 2015a; Curtis-Lake et al. 2016) have
shown evidence for a size-luminosity relation, however there are
still large uncertainties in the derived slope, due in-part to the limited
dynamic range available from the small area surveys studied. For
the brightest galaxies at z >~ 67, measurements from the ground-
based imaging used to select them has hinted at larger sizes (Willott
etal. 2013; Bowler et al. 2014), however the uncertainties have been
too large to place strong constraints on the size—luminosity relation.

While measurements of size as a function of redshift and lumi-
nosity can provide a broad overview of the build-up of galaxies
with time, a morphological analysis can reveal further details about
the formation mechanisms. A disturbed or irregular shape is of-
ten attributed to a merger or interaction; however, simulations of
early galaxies formation predict that star-forming galaxies at high
redshift should also contain large star-forming clumps due to the
increased gas content and density (e.g. Dekel & Burkert 2014;
see discussion in Guo et al. 2015). At lower redshift, the frac-
tion of star-forming galaxies with disturbed morphologies is ob-
served to rise (Tasca et al. 2009; Talia et al. 2014), with 30-60
per cent showing irregular or multiple components at z ~ 2-3
(Ravindranath et al. 2006; Law et al. 2012). Work at z >~ 6 sug-
gests that this trend continues to the highest redshifts, with 40—
50 per cent of the brightest galaxies (Myy < —20.5) showing a dis-
turbed, clumpy morphology (Jiang et al. 2013b; Willott et al. 2013).
At z ~ 7, the morphology of the brightest LBGs is uncertain due
to the lack of high-resolution near-infrared imaging of these rare
galaxies; however, there have been hints of highly clumpy systems
from the detailed study of two extremely bright Lyman « emit-
ters (LAEs) nicknamed ‘Himiko’ (Ouchi et al. 2009) and ‘CR7’
(Sobral et al. 2015). Both of these LAEs are also bright in the rest-
frame UV continuum (map ~ 25), where they appear to consist
of multiple components in high-resolution HST/WFC3 imaging,
suggestive of a merging system (Ouchi et al. 2013). Despite the
intense study of these galaxies, with only two objects it is unclear
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whether the extended clumpy morphology observed is typical for
all bright star-forming galaxies at z 2 7 or is exclusive to strong
LAEs.

Our recent detection of a sample of extremely bright LBGs at
z~7 (Bowleretal.2012,2014) provides an ideal sample with which
to investigate the sizes and morphologies of the brightest galaxies at
high redshift. Selected from the 1.65 deg” of optical/near-infrared
imaging provided by the UltraVISTA/Cosmological Origins Survey
(COSMOS) and UKIDSS UDS/Subaru XMM-Newton Deep Survey
(SXDS) fields, the sample of 34 galaxies at z ~ 7 contains the
brightest (Myy < —22) known galaxies at this epoch. In contrast to
the narrow-band-selected LAEs ‘Himiko” and ‘CR7’, our sample
was selected based on the rest-frame UV continuum luminosity via
the Lyman-break technique and hence provides the first magnitude-
limited sample of z ~~ 7 star-forming galaxies. The sample allowed
the very bright end of the rest-frame UV LF be determined robustly
for the first time, showing that the number counts of galaxies do not
decline as rapidly as predicted by the commonly assumed Schechter
function, and rather a double-power law (DPL) provides a good
description of the bright end at z >~ 7. When compared to the LF
at z = 5 and z = 6, the derived LF using the ground-based data
at the bright end showed evidence for evolution around the knee
of the function (Bowler et al. 2015), in contrast to other works
based exclusively on HST fields (Bouwens et al. 2015; Finkelstein
et al. 2015). To unveil the sizes and morphological properties of
the brightest LBGs at z ~ 7, targeted follow-up of ground-based
samples with HST is essential, and in this paper, we present the
results of our HST/WFC3 Cycle 22 campaign to provide the first
high-resolution data for the Bowler et al. (2012, 2014) objects. The
results of this analysis provide the first magnitude-limited study of
a sample of z >~ 7 LBGs extending from L ~2.5L* to L > 10 L*
with HST/WFC3.

The structure of this paper is as follows. In Section 2, we de-
scribe the ground-based and HST/WFC3 data utilized in this study.
The initial results of the HST follow-up are described in Section 3,
where we discuss a newly identified cross-talk artefact identified
in the VISTA/VIRCAM data. The final sample properties, visual
morphologies and the derived merger fraction are discussed in Sec-
tion 4, where we also present the results of a deconfusion anal-
ysis of the available Spitzer data. In Section 5, we calculate an
updated LF derived from the Bowler et al. (2014) sample. The
galaxy sizes and size-luminosity relation are presented in Sec-
tion 6, and in Section 7 we discuss the nature of the bright LBGs
in our sample. We end with our conclusions in Section 8. We as-
sume a cosmology with Hy = 70kms~' Mpc™', @, = 0.3 and
Qx = 0.7. In this cosmology, 1 arcsec corresponds to a physical
size of 5.5kpc and 5.2kpc at z = 6.5 and z = 7.0, respectively.
All magnitudes are quoted in the AB system (Oke 1974; Oke &
Gunn 1983).

2 OBSERVATIONS AND DATA REDUCTION

In Table 1, we show the coordinates of the galaxy candidates anal-
ysed in this work and the origin of the HST/WFC3 data for each
object. The sample of bright z >~ 7 LBGs was selected initially in
Bowler et al. (2014), and the majority of the HST data was obtained
as part of our Cycle 22 WFC3 imaging programme. For reference,
we present the key ground- and space-based photometric filters used
in this work in Fig. 1.
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Table 1. The central coordinates for the full sample of 25 LBGs from Bowler et al. (2014) targeted in this work, with the corresponding HS7/WFC3 imaging
data available for each object. The majority of the data was obtained from programme ID =13793 (PI: Bowler), with additional imaging from the CANDELS
survey and programme ID =12578 (PI Forster Schrieber; centred on ‘ZC401925). The second to last column details the subsample of each object, with ‘P’
denoting the primary sample consisting of LBGs from the Bowler et al. (2014) sample with Myy < —21.5 and 6.5 < zpper < 7.5 without Lyman & emission.
Additional galaxies with HST/WFC3 data that were not in the primary sample are denoted ‘F’ if they were excluded for being too faint, and/or ‘L’ if the
photometric redshift only exceeds z = 6.5 when Lyman o emission is included in the SED fitting.

Object ID R.A.(J2000) Dec.(J2000) Data set Sample Notes.

UVISTA-136380 09:59:15.89 +02:07:32.0 Bowler (O1) P

UVISTA-28495 10:00:28.13 +01:47:54.4 Bowler (02) P

UVISTA-268511 10:00:02.35 +02:35:52.4 Bowler (03) P Likely cross-talk artefact (see Section 3.2)
UVISTA-268037 09:59:20.69 +02:31:12.4 Bowler (04) P Likely cross-talk artefact (see Section 3.2)
UVISTA-65666 10:01:40.69 +01:54:52.5 Bowler (O5) P

UVISTA-211127 10:00:23.77 +02:20:37.0 CANDELS P Zspec = 7.154 (Stark et al. 2017)
UVISTA-137559 10:02:02.55 +02:07:42.0 Bowler (0O6) P Likely cross-talk artefact (see Section 3.2)
UVISTA-282894 10:00:30.49 +02:33:46.3 Bowler (O7) P

UVISTA-238225 10:01:52.31 +02:25:42.3 Bowler (O8) P

UVISTA-305036 10:00:46.79 +02:35:52.9 Bowler (09) P

UVISTA-35327 10:01:46.18 +01:49:07.7 Bowler (O10) P

UVISTA-304416 10:00:43.37 +02:37:51.6 Bowler (O11) P

UVISTA-185070 10:00:30.19 +02:15:59.8 CANDELS P

UVISTA-169850 10:02:06.48 +02:13:24.2 Bowler (O12) P Primary target for orbit 12
UVISTA-170216 10:02:03.82 +02:13:25.1 Bowler (O12) F Additional LBG imaged in orbit 12
UVISTA-304384 10:01:36.86 +02:37:49.2 Bowler (O13) P Primary target for orbit 13
UVISTA-328993 10:01:35.33 +02:38:46.3 Bowler (O13) LF Additional LBG imaged in orbit 13
UVISTA-279127 10:01:58.50 +02:33:08.5 Bowler (O14) P

UVISTA-104600 10:00:42.13 +02:01:57.1 Bowler (O15) P

UVISTA-268576 10:00:23.39 +02:31:14.8 CANDELS P

UVISTA-271028 10:00:45.17 +02:31:40.2 CANDELS L

UVISTA-30425 10:00:58.01 +01:48:15.3 7C401925 L LAE ‘CR7’ (Sobral et al. 2015)
UDS-35314 02:19:09.49 —05:23:20.6 Bowler (O16) P

UDS-118717 02:18:11.50 —05:00:59.4 Bowler (017) P

UDS-88759 02:17:57.58 —05:08:44.8 CANDELS L LAE ‘Himiko’ (Ouchi et al. 2009)

2.1 Initial galaxy sample

In Bowler et al. (2014), we utilized the ground-based data sets in the
UltraVISTA/COSMOS and UDS/SXDS fields. The available data
sets for the field are described in detail in Section 2.5, and consist
of multiband photometry from the optical to the near-infrared, in-
cluding crucially deep z-, Y-, J-, H- and K-band observations that
allow a robust selection of z >~ 7 LBGs. The galaxy samples were
selected in a stacked Y + J image in the UltraVISTA/COSMOS
data set, with the requirement that my < 25.8 or m; < 25.4 (in
a 1.8-arcsec-diameter circular aperture). For the UDS/SXDS field,
the J-band imaging was used for selection, with the requirement
that m; < 25.7 and that the Y-band flux exceeded the 20 limit
(my < 25.8). The different selection conditions in the UDS/SXDS
field were driven by the shallower Y-band imaging available, which
is necessary for the robust identification and removal of contami-
nant low-redshift galaxies or galactic brown dwarfs. This condition
ultimately resulted in significantly fewer LBGs selected in this field
(4 in the UDS/SXDS, 30 in UltraVISTA/COSMOS). After the ini-
tial magnitude cuts, we also required a non-detection at the 2o level
in the optical bands bluewards of the z band. The final sample of
high-redshift candidates was then selected using an SED fitting anal-
ysis, using the photometric redshift fitting code LE PHARE (Arnouts
et al. 1999; Ilbert et al. 2006). Full details of the photometric red-
shift fitting procedure are available in Bowler et al. (2014); however
in brief, we fitted Bruzual & Charlot (2003) models with exponen-
tially rising 7 star formation histories (SFHs), assuming the Calzetti
et al. (2000) dust law with a range of rest-frame V-band attenua-
tion (0.0 < Ay < 4.0). Two values of metallicities were assumed
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(Z=1/5Z¢ and Z = 1 Z)) and absorption by intergalactic neu-
tral hydrogen along the line of sight was applied using the Madau
(1995) prescription. In addition, we also fitted models that included
a Lyman « emission line in the galaxy template (with rest-frame
equivalent width, EWy, of up to 240 A), and included galaxies in
our final sample that could be at z > 6.5 with the addition of Lyman
« in the SED. In addition to galaxy templates, we also fitted with
brown dwarf standard spectra to exclude cool galactic substellar
objects as contaminants in our sample.

The result of this analysis was a sample of 34 candidate LBGs
with photometric redshifts in the range 6.0 < z < 7.5. The sample in-
cluded the z=6.6 LAE ‘Himiko’ (Ouchi et al. 2009), which was res-
elected as a lower redshift LBG (z ~ 6.4) using our broad-band data.
The galaxies were in the luminosity range —23.0 < Myy < —21.2
in the rest-frame UV, with star formation rates of SFR ~ 10—
50M@ yr~! and stellar masses of M, ~ 10'°M@. An analysis
of the sizes of the galaxies in the ground-based data showed that
over half appeared resolved under ground-based seeing (FWHM =~
0.8 arcsec), suggesting half-light radii in excess of 1.5 kpc for the
brightest galaxies when assuming a single Sérsic profile (Bowler
et al. 2014).

2.2 Follow-up observations with HST/WFC3

Observations with HST/WFC3 of the 17 brightest z >~ 7 galaxies
selected in Bowler et al. (2014) were awarded in Cycle 22 for the
General Observer programme ID 13793 (PI Bowler). The subsam-
ple chosen for HST follow-up was required to have Myy < —21.5
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Figure 1. A comparison of the key filter transmission curves from HST (top)
and the ground-based data sets (bottom) used in this work, restricted to the
wavelength range A = 0.6—1.9 um. The upper panel shows the HST/WFC3
filters used primarily in this work to determine the rest-frame UV sizes
(JH\40), compared with those available in the CANDELS survey (Jy25 and
Hjep) and in archival imaging of ‘CR7’ (YJ119 and Hep). The lower panel
shows a selection of the ground-based filters used (in this wavelength range)
for comparison. Here, the near-infrared filters are from the VISTA telescope,
the i band is from CFHT and the z’ band is from Subaru. Note that the UKIRT
J- and H-band transmission curves are very similar to the VISTA profiles
(as shown in fig. 1 of Bowler et al. 2015). Two example model SEDs are
plotted at z = 6.5 and z = 7.5. The models were taken from the Bruzual
& Charlot (2003) library, with an age of 100 Myr a T = 50 Myr, Ay = 0.1
and a Lyman « emission line with EWg = 10 A. IGM absorption has been
applied assuming the Madau (1995) prescription.

and 6.5 < Zpne < 7.5 (assuming no Lyman o emission). These
conditions resulted in an initial sample of 20 of the 34 galaxies
from Bowler et al. (2014) proposed for observation. Of this sample,
HST/WFC3 imaging already existed for three objects taken as part of
the CANDELS survey, and hence 17 objects were targeted for imag-
ing. As the galaxies are widely separated on the sky, 17 individual
pointings were required. In fact, two additional Bowler et al. (2014)
galaxies were serendipitously covered by our HST/WFC3 point-
ings, ID170216 (primary target for that orbit was ID169850) and
ID 328993 (primary target 1D304384). Hence, our HST/WFC3
follow-up provides high-resolution imaging of 19 LBGs from
Bowler et al. (2014) as presented in Table 1.

The observational requirements were to obtain a signal-to-noise
ratio S/N > 15 for the faintest object in our sample, to ensure
a reliable size estimate (Mosleh et al. 2012; Ono et al. 2012). In
addition, the high signal-to-noise threshold substantially improves
our sensitivity to individual, fainter components in the case that the
galaxy fragments under HST resolution (e.g. for objects similar to
‘Himiko’ that appear as three separate components in ST imaging;
Ouchi et al. 2013). We obtained imaging to a single orbit depth for
each object, using the wide F140W (hereafter JH,49; see Fig. 1)
filter to maximize the S/N in the rest-frame UV. The observations
were spread through the cycle and taken from 2014 November to
2015 December. Each orbit was split into four separate exposures of
~650 s, using a simple box dither pattern for improved point spread
function (PSF) reconstruction. The SPARS50 sample rate was used
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with NSAMP =14 to ensure a high number of non-destructive reads
for cosmic ray rejection. The total integration time for each object
was 2612 s. The median 50 depth for the 17 separate pointings
of the JH 4 filter was mag = 26.9 &+ 0.1 in a 0.6-arcsec-diameter
circular aperture.

2.3 Data reduction

We reduced the HST/WFC3 data using the standard ASTRODRIZZLE
software to combine the calibrated individual exposures (the FLT
files) into a single image. The final pixel scale was set to 0.06 arc-
sec pixel ™! (as in the CANDELS imaging; Koekemoer et al. 2011),
and a pix_rrAC of 0.8 was used to provide optimal reconstruction of
the PSF. The astrometry of the images was matched to the ground-
based imaging (using a J-band-selected catalogue) using the IRAF
package ccmap to account for the astrometric offsets due to errors
in the guide star positioning (typically 0.1-0.5 arcsec for our data).
A zero-point of 26.452 was assumed for the JH 49 data.!

2.4 Pre-existing HST imaging

A subset of the initial Bowler et al. (2014) sample lies within
HST data obtained as part of the CANDELS survey, and hence, no
pointed observations were made of these objects as part of our pro-
posal. We used the most recent data reductions of the CANDELS
data described in Koekemoer et al. (2011), with a pixel scale of
0.06 arcsec pixel~!. The CANDELS imaging in the UDS and COS-
MOS fields was taken as part of the ‘wide’ component of the sur-
vey, which provided WFC3 data over 4 x 11 tiles (one pointing of
WEFC3, area ~ 4.5 arcmin?) in the centre of both fields. The total
area of each CANDELS field in the UDS and COSMOS was ap-
proximately 200 arcmin?, with observations taken for 2/3 of an orbit
in the Jyos filter and 4/3 of an orbit in the H¢ filter. To facilitate
a more straightforward comparison to the JH 4, data available for
the majority of the sample, we created an inverse variance weighted
stack of the Jy»5 and Hy¢ data, which was used in all subsequent
analysis. Zero-points were taken as map = 26.25 and mapg = 25.96
from Koekemoer et al. (2011). The 5o depths in the two filters were
map = 26.9 (0.6-arcsec-diameter aperture) consistent with previous
measurements (McLure et al. 2013), with the depth in the JH stack
reaching map = 27.2.

To provide a complete analysis of the available HST data for
the Bowler et al. (2014) sample, we also include the HST/WFC3
imaging of the Lyman « emitted galaxy nicknamed ‘CR7’ studied
in detail by Sobral et al. (2015). The LAE was initially selected by
Bowler et al. (2012, 2014), but was excluded from our HST/WFC3
imaging programme as the photometric redshift (without Lyman
o) was z < 6.5. The object was followed-up spectroscopically by
Sobral et al. (2015), who selected it based on narrow-band pho-
tometry, revealing the object to be a strong LAE at zg.c = 6.604.
As presented in Sobral et al. (2015), ‘CR7’ has been imaged by
HST/WFC3 serendipitously, in a programme designed to target mas-
sive star-forming galaxies at z = 2 (PI: Forster Schreiber, ID 12578).
The imaging consisted of one orbit in the YJ;;yp band, and two in
the Hj¢p band, centred on object ZC401925. We performed our
own reduction of the data, following the methodology described in
Section 2.3. We excluded one of the H 4 orbits available, which
poorly overlaps with ‘CR7’. The images were registered on to the
same pixel scale using the ASTRODRIZZLE program TWEAKREG. The

Uhttp://www.stsci.edu/hst/wfc3/phot_zp_lbn
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data reached a 5o depth of mag = 27.4 in the YJ;( filter, and
map = 26.6 in the H,40 imaging (0.6-arcsec-diameter circular aper-
tures).

Finally, we utilize the high-resolution HS7/Advanced Camera
for Surveys (ACS) Ig14-band imaging available for the sample as a
reference high-resolution optical image. Single orbit depth imag-
ing in the Ig;4 band is available in the full 2 deg? COSMOS field
(Koekemoer et al. 2007; Scoville et al. 2007; Massey et al. 2010)
and within the CANDELS COSMOS and UDS ‘wide’ fields to a
5o depth of map = 27.2(27.6) in a 0.6(0.4)-arcsec-diameter circular
aperture.

2.5 Ground-based optical and near-infrared data

The UltraVISTA/COSMOS and UDS/SXDS fields contain a wealth
of data from the optical to near- and mid-infrared, which makes
them ideal fields for the study of high-redshift galaxies. In the
UltraVISTA/COSMOS field the optical imaging was obtained from
the TOOO7 release of the Canada—France-Hawaii Legacy Survey
(CFHTLS field D1, u*griz filters), and in the UDS/SXDS field
from the SXDS survey with the Subaru/Suprime-Cam (Furusawa
et al. 2008). Additional deeper z'-band imaging than these surveys
was obtained in both fields from Subaru/Suprime-Cam (Furusawa
et al. 2016; see Bowler et al. 2014 for details). In the near-infrared,
YJHK, photometry is provided in the COSMOS field as part of
the third data release (DR3) of the UltraVISTA survey (McCracken
etal. 2012). The UltraVISTA data consist of a shallower component
that covers the 1.5 deg?, and four strips that form the ‘ultra-deep’
part of the survey and extend ~1mag deeper. The resulting 5o
depths from the DR3 ‘ultra-deep’ data are as follows: ¥ = 26.1,
J =259, H=255, K, = 25.4 for the deepest strip, with the other
strips being shallower by dm = 0.1-0.2 mag. In the gaps between
these ‘ultra-deep’ strips, the datareach Y =25.2,/=24.9, H=24.5,
K, = 24.2 uniformly over the image. In the UDS/SXDS field, we
utilize the DR10 of the UKIRT Infrared Deep Sky Survey UDS
programme, which provides JHK imaging. The Y-band data are
provided by the VISTA Deep Extragalactic Observations Survey
(VIDEO; Jarvis et al. 2013). In this paper, we exploit the most
recent data release of VIDEO, which extends 0.5 mag deeper than
that analysed previously in Bowler et al. (2014), reaching a So depth
of mag = 25.3 (1.8-arcsec-diameter circular aperture).

2.6 Spitzer/IRAC data

We utilize deep imaging in the mid-infrared (or rest-frame optical
at z >~ 7) from the Spitzer Space Telescope Infrared Array Cam-
era (IRAC) taken as part of the Spitzer Extended Deep Survey
(SEDS; Ashby et al. 2013) and the Spitzer Large Area Survey with
Hyper-Suprime Cam survey (SPLASH; Steinhardt et al. 2014). The
SPLASH survey provides ~1200 h of IRAC data in the [3.6 pm]
and [4.5 um] bands, covering the full COSMOS/UltraVISTA and
UDS/SXDS ground-based fields used in this work. We created a
mosaic from the calibrated Level 2 files, which were downloaded
from the Spitzer Heritage Archive. Each image was astrometrically
matched to the ground-based K-band image in each field, using the
IRAF package ccmaP and background-subtracted using SEXTRACTOR.
The processed exposures from SPLASH where then combined into
a single mosaic including the SEDS data using swarp. The final
images had 5o depths of [3.6 um] =25.3 and [4.5 pum] =25.1ina
2.8-arcsec-diameter circular aperture.

To fully exploit the SPLASH data, in particular in cases where
nearby low-redshift galaxies contaminate the IRAC imaging of the
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high-redshift galaxy of interest, we performed a deconfusion analy-
sis. A full description of the methodology can be found in McLeod
et al. (2015); however, we briefly describe the steps here. We used
TpHOT (Merlin et al. 2015) to perform the deconfusion, using the
ground-based J- or K-band images as the high-resolution input data.
Models of the galaxy surface brightness distribution were created
from this input image, and then convolved with a transfer kernel to
match the resolution of the Spitzer/IRAC data (FWHM ~2 arcsec).
The model galaxies are then fitted to the observed Spitzer/IRAC
data by simultaneously varying the flux of each galaxy to provide
the best fit. Errors on the resulting photometry were calculated from
the RMS map produced in TPHOT.

3 INITIAL RESULTS

In Bowler et al. (2014), we presented a sample of 34 LBGs at
z ~ 7, selected from 1.65deg” of deep ground-based optical and
near-infrared data in the UltraVISTA/COSMOS and UDS/SXDS
fields. Combining our new Cycle 22 HST/WFC3 data, the data avail-
able from CANDELS and archival imaging (PI Forster Schreiber),
we present in this paper HST/WFC3 imaging for 25 galaxies. Of
these 25 LBGs, 17 were targeted in our Cycle 22 HST/WFC3 pro-
posal, which also serendipitously covers two fainter Bowler et al.
(2014) galaxies. In addition, we include HST/WFC3 imaging for
five LBGs that lie within the CANDELS imaging and archival data
(PI Forster Schreiber) that exist for a further object in the Bowler
et al. (2012, 2014) sample (‘CR7’). The LAE ‘CR7’ was initially
selected in Bowler et al. (2012) and again in the deeper UltraVISTA
DR2 data in Bowler et al. (2014), and has been confirmed to be
a strong narrow-band emitter by Sobral et al. (2015). We checked
the MAST archive to ensure no other serendipitous imaging existed
for our sample.? In total, therefore, we present a complete analy-
sis of the HST/WFC3 imaging available for the sample presented in
Bowler et al. (2014), which includes the LAEs ‘Himiko’ and ‘CR7’,
comprising data for 25 of the 34 ground-based-selected z ~ 7 galax-
ies. As shown in Table 1, the majority of the sample (20/25 objects)
have Myy < —21.5 and zppo > 6.5 without Lyman « emission (ac-
cording to the Bowler et al. 2014 values). The final five objects (two
of which are spectroscopically confirmed at z = 6.6) are included
to provide a complete analysis of the available HST/WFC3 data
for the Bowler et al. (2014) sample, and also to provide a unique
comparison between bright LAEs and LBGs. These five objects
were either slightly too faint to be included in the primary sample
above (ID170216, ID328993), and/or have best-fitting photomet-
ric redshifts in the range 6.0 < z < 6.5 without the inclusion of
Lyman « emission in the SEDs (ID271028, ‘CR7’ and ‘Himiko’).
Finally, ID211127 has recently been spectroscopically confirmed to
be at zgpec = 7.154 by Stark et al. (2017).

Postage-stamp cutouts for the sample are shown in Fig. 2. The
stamps show the HST/WFC3 data compared to the ground-based
near-infrared selection image (¥ 4 J in the UltraVISTA/COSMOS
field and the J band in the UDS/SXDS), a stack of the optical data,
the Subaru z'-band imaging in the field and where available, Ig;4
imaging from HST/ACS. The stamps are 10 x 10 arcsec to include
nearby objects and to highlight the improvement in resolution of
the HST imaging; however, smaller postage-stamps (of 3 arcsec

2 For object ID583226, there exists Hygp from PID 12990 (PI Muzzin), with
an exposure time of 1062 s. The object is weakly detected in this imaging.
However, to ensure a homogeneous data set in terms of wavelength coverage
and depth, we exclude this imaging from our analysis.
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Figure 2. Postage-stamp image cut-outs of the 22 detected galaxies in the sample (the final three objects are presented in Fig. 3 and discussed in Section 3.2).
From left to right, we show the HST/ACS Ig14-band data (if available), the HST/WFC3 Jy49 or J125 + Hjeo data and finally the ground-based Y + J or J-band
data. The stamps are ordered by absolute UV magnitude from top left to bottom right, and are 5 x 5 arcsec with north to the top and east to the left. The stamps
have been scaled linearly with flux, and pixels above the 3o level for that stamp have been saturated. The LAE ‘Himiko’ is shown with ID88759. An IR ‘blob’
is visible below object ID170216, which was not the primary target for that orbit (orbit 12, centred on ID169850).
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Figure 3. Postage-stamp images of the z 2~ 7 candidates that appear to be cross-talk artefacts in the VISTA/VIRCAM data in the UltraVISTA/COSMOS
field. On the far left, we show the ground-based Subaru 7’-band image, followed by the VISTA Y, J, H, K and Y + J data. The original Jy4 data from
HST/WFC3 is shown to the right of the ground-based data, and the final stamp shows this data smoothed to ground-based resolution. In all three cases, no
object is detected in the original or smoothed J140 imaging. The cross-talk artefact can have an extended appearance as observed in the top two cases, or a
more compact morphology as shown for the final object. In all cases, the cross-talk artefacts were identified at a constant multiple of 128 pixels (on the native

0.34 arcsec pixel ™! scale) from a saturated star in the VISTA/VIRCAM data.

across) scaled by surface brightness are shown in Fig. 5. For three
of the orbits obtained in our Cycle 22 programme, we found no
detection at the expected coordinate of the LBG candidate. These
three objects are shown separately in Fig. 3, and are discussed in
Section 3.2.

3.1 Components at low redshift

As shown in Figs 2 and 5, several of the galaxies selected as a
single object in the ground-based data break up into several dis-
crete components with the improved resolution of HST. To inves-
tigate whether these fainter components are individually consis-
tent with being at z > 6, we utilized the available deep ground-
and space-based optical imaging to measure the strength of the
Lyman break at each object position. The majority of the sam-
ple is covered by HST/ACS Is;4 imaging from either the COS-
MOS or CANDELS survey (see Section 2.4), which provides a
higher resolution optical image with which to directly compare our
HST/WFC3 results. The Ig14-band data reach a 2o depth of ~28.6
(0.4-arcsec-diameter circular aperture), and hence provide stringent
constraints on the g1, — JHj49 colour. We also visually inspected a
stack of the ground-based optical data available in each field (u*gri
bands in UltraVISTA/COSMOS, BVRi in UDS/SXDS), to identify
any counterparts visible at a 20 limiting depth of map > 28 (see
table 1 of Bowler et al. 2014). While the HST/ACS data is formally
deeper than the ground-based optical stack, the ground-based stack
samples a bluer wavelength range (Fig. 1) and the coarser pixel
scale and seeing can highlight low surface brightness features in the
data (as is evident comparing this image to the /g4 imaging).

As shown in Fig. 2, for the vast majority of our sample we
find no detection in the available optical data. For a small subset
however, we find optical detections within 1 arcsec of the LBG
candidate. We find a compact detection in the g4 image at the
position of the central galaxy component for one object in our sam-
ple, ID328993, with no detection in the ground-based optical stack.
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This detection is consistent with the low photometric redshift of
this object (Zphot = 6.111’8;:2) due to the width of the Ig4 filter, as
shown in Fig. 1, which extends to ~9000 A. For five of the galax-
ies in our sample, we find weak optical detections offset from the
central position, but within r ~ 1 arcsec of the high-redshift LBG.
In three of these cases (ID136380, ID28495 and 1ID104600), the
optical detection is coincident with a faint HST/WFC3 source de-
tected in our initial SEXTRACTOR catalogues, and hence, we attribute
these sources to low-redshift galaxies close to the line of sight of
the central high-redshift LBG. We therefore mask the faint source
to the north of ID136380, one of the two fainter components of
1D28495 (that to the south-east) and the north-west component of
ID104600 in all further analysis. While the low-redshift objects
are extremely faint for ID136380 and 1D28495 (g4 ~ 27.6), in
ID104600 the companion object is relatively bright (Ig;4 ~ 27.0)
and has comparable flux to the high-redshift LBG in the deep z'-
band imaging. Hence, the photometric redshift of ID104600 (zphe =
6.47 + 0.07) is likely to be biased low by the additional z-band flux
wrongly attributed to the high-redshift component. Finally, two of
the ground-based selected objects show a detection in the optical
stack at a radius of ~~ 1 arcsec from the central position (ID304384,
ID279127), with no counterpart in the HST/WFC3 data. For these
two galaxies, the detection is of an extremely faint (map > 28)
object that is not coincident with the central WFC3 detection and is
not visible at longer wavelengths.

These optical detections show that for 23 per cent of the sample
(5/22) we find extremely faint (mag > 27) low-redshift galaxies
within 2~ 1arcsec of the central object. Only for a single object
in our sample (ID104600) do we find that the red-optical and po-
tentially the near-infrared photometry has been contaminated by
this interloper, hence confirming that our z >~ 7 LBG selection
from ground-based data is providing a clean sample of genuine
high-redshift galaxies. Excluding the identified faint low-redshift
companions, we find no significant optical flux for the remainder of
the HST/WFC3 detected components of our ground-based sample,



which places strong limits on the optical-to-near-infrared colour.
For an object measured at the 5o limit in the near-infrared, the 2o
limit of the ACS data implies Iy — JH 40 > 1.7, therefore excluding
a low-redshift contaminant galaxy (e.g. Ouchi et al. 2010 imposed
az —y > 1.5 colour-cut and Bouwens et al. 2015 used zgso —
Y105 2 1 in the selection of z >~ 7 LBGs). The multiple components
identified in our HST data all show a clear Ig;4 — JH/40 colour that
is to be expected for z > 6 LBGs. However, as we do not have
photometry in additional filters from HST, with which to perform
a full SED analysis, it is possible that some of the fainter com-
ponents could be low-redshift interlopers. If this is the case, the
interloper components must be faint relative to the genuine high-
redshift candidate, in order that the ground-based photometry be
well fitted as a z > 6 object in our SED analysis. We consider
the probability of chance alignments of red, low-redshift interlop-
ers with our high-redshift sample using deep photometry from the
CANDELS survey compiled by Galametz et al. (2013). From the
catalogue, we identified all of the objects that had a strong optical-
to-near-infrared break of Ig;4 — JHj40 > 1.5, were compact in the
WEFC3 data and had a best-fitting photometric redshift of z < 4
(which is the majority of such objects). The resulting catalogue
showed a surface density of ~1.1 arcmin—2 mag ™', with an approx-
imately uniform distribution in the magnitude range map =~ 23-27.
The photometric-redshift distribution of the interlopers peaks at
z = 1.5 as expected. Using this surface density, we calculate that
the probability of a chance alignment of an interloper galaxy (in the
magnitude range map = 25.5-27) to within 1 arcsec of one of our
sample of high-redshift objects is 0.0015. If we consider our full
sample of 22 high-redshift LBGs, the probability of a low-redshift
interloper appearing at r < 1 arcsec to one or more z >~ 7 galaxies is
0.03. Hence, this effect cannot account for the observed incidence
of multiple components in our sample. Finally, this calculation is
likely an upper limit, as the red colour of the brighter interloper
galaxies would boost the observed K and Spitzer/IRAC fluxes, po-
tentially leading to a poor high-redshift galaxy fit and exclusion of
these systems from our initial sample.

3.2 Cross-talk in the VISTA/VIRCAM data

For three of the LBG candidates imaged as part of our Cycle 22
HST programme, no object was detected at the expected coor-
dinates. These objects (ID269511, ID268037 and ID137559) are
shown in Fig. 3, where the ground-based imaging in the 7' and
near-infrared bands used for selection are compared to the newly
available HST/WFC3 JH,4 data. With the aim of detecting any
diffuse emission that could have been resolved-out by the fine
resolution and pixel size of HST, we smoothed the JH 4 data to
ground-based resolution with a convolution kernel obtained using
GALFIT (Peng et al. 2010). These objects are exclusively detected
in the near-infrared imaging from VISTA, with no counterpart in
the optical or Spitzer data. Furthermore, ID258511 and ID268037
have an unusual extended appearance in the YJHK; bands in the
new DR3 UltraVISTA data. The undetected LBG candidates are at
the faint end of the Bowler et al. (2014) sample, however a weak
detection in the smoothed JH 4 data was expected. Further inves-
tigations into the position of these objects and other near-infrared
only detected sources selected from our available catalogues in
the field showed that they were preferentially located in vertical
lines across the Y + J mosaic. The vertical alignment is in coinci-
dence with bright saturated stars, with a separation of a multiple of
~43.5 arcsec. The position and regular spacing of the artefact sug-
gest that it is similar to the cross-talk artefact found in imaging
from the Wide Field Camera on UKIRT (Dye et al. 2006; War-
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ren et al. 2007). The separations of the VISTA/VIRCAM arte-
fact is 128 pixels in the native pixels scale (0.34 arcsec pixel ') or
43.52 arcsec, extending both north and south of saturated stars on the
CCD. Cross-talk occurs during the read-out of each detector, which
has dimensions of 2048 x 2048 pixels (Sutherland et al. 2015).
Each detector has 16 parallel readout channels, of width 128 pix-
els, exactly as we find for the artefact, which we conclude arises
from an interchannel electronic cross-talk introduced in the read-out
process.

The cross-talk in the VISTA/VIRCAM instrument is significantly
fainter than that in the UKIRT imaging, with a magnitude differ-
ence of >12 mag compared to the stellar magnitude, or ~0.001
per cent of the flux of the origin star. Our investigations show that
the detectible artefact is produced by the brightest stars in the im-
age, which have total magnitudes of map >~ 12—-14 mag. We created
a mask using a catalogue of bright stars from the full 1.5deg>
of UltraVISTA data, and masking out regions at the appropriate
separations. At each expected cross-talk position, a region of di-
mensions 4 x 7 arcsec was masked to account for the uncertainties
in the centroid of the saturated stars. The existence of the cross-talk
artefact is strongly confirmed by the application of the mask, as it
excludes only 1 per cent of the total image area, but over half of the
near-infrared only sample of objects used to investigate the cross-
talk locations were flagged as a potential artefact. Applying such a
mask to the Bowler et al. (2014) sample results in the removal of
all three HST/WFC3 undetected objects described above, which we
exclude from the revised sample discussed in the remainder of this
work. Implications for the LF at z >~ 7 are discussed in Section 5;
however, we note here that the galaxies identified as artefacts are at
the very faint end of the sample and were exclusively detected in
the VISTA near-infrared imaging. As the remainder of the Bowler
et al. (2014) sample are significantly brighter, they are also detected
in the Subaru z'-band data and/or the Spitzer/IRAC data in addition
to the near-infrared imaging.

The application of the cross-talk mask as described above also
highlighted another object (ID279127) in the Bowler et al. (2014)
sample as a potential cross-talk artefact. Galaxy ID279127 is de-
tected in the HST/WFC3 imaging, the Subaru 7’-band data and in
the Spitzer/IRAC data however, indicating that the cross-talk in this
case is coincident with a genuine galaxy. Comparing the UltraV-
ISTA photometry to the HST/WFC3 results, we find that the cross-
talk artefact makes a negligible difference to the photometry for this
object, and hence the rest-frame UV properties are unaffected.

4 THE FINAL z ~7 LBG SAMPLE

After removing the three objects identified as a likely cross-talk
artefact in the VISTA/VIRCAM imaging, we now present a detailed
analysis of our final sample of 22 bright (Myy < —21) LBGs at
z >~ 7 shown in Fig. 5.

4.1 Properties of the final sample

In Table 2, we present the photometric redshifts and derived galaxy
properties for the sample, calculated using the DR3 of UltraV-
ISTA (deeper YJHK; data) and deeper VIDEO Y-band data in the
UDS/SXDS. The photometric redshift methodology was identical
to that in Bowler et al. (2014) and is described in Section 2.1. The
new photometric redshifts agree within the errors with those deter-
mined in Bowler et al. (2014), confirming that the sample is robustly
at z > 6. We do not fit the observed photometry with galaxy SEDs
that include Lyman o emission in this work, as the derived equiva-
lent width (EW)) is highly degenerate with the photometric redshift
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Table 2. The basic properties of our final sample of 22 LBGs at z 2~ 7. From left to right, we show the ID number (identical to that in Bowler et al. 2014)
and then the best-fitting photometric redshift, followed by the total magnitude measured from the JH 49 data (J125 + Hjeo imaging for objects in CANDELS
or YJi19 for ‘CR7’). For ‘CR7’ (ID30425) and ‘Himiko’ (ID88759), we show the spectroscopic redshifts from Sobral et al. (2015) and Ouchi et al. (2009),
respectively. The total magnitude was measured in a 2-arcsec-diameter aperture for the majority of galaxies, and a 3-arcsec-diameter aperture for ID304416,
1D169850, ID279127 and Himiko. We then present the absolute UV magnitude (at 1500 A), the SFRyy calculated using the Madau, Pozzetti & Dickinson
(1998) prescription and the rest-frame UV slope Byvy determined using filters YJHK and JHK in columns 6 and 7. Finally, we show the Spitzer/IRAC magnitudes
from our deconfusion analysis, and the PSF-corrected half-light radius in kpc derived from our curve-of-growth analysis. Where we have classified the galaxy

as a multicomponent system, it is highlighted with a dagger.

1D b4 MAB Muyy SFRuyv Byink Bunk [3.6] —[4.5]  [3.6 um] [4.5um] 1
(mag) (mag) Mg yr™) (mag) (mag) (mag)  (kpo)
+0.10 +0.10 +0.10 0.2 +0.3 +0.37 +0.28 +0.10 +0.1
UVISTA-304416  6.857000  23.857000  —23.167009 55 ~1.9%02 21103 0284037 24417028 24141010 204014
UVISTA-169850  6.647007  24.0370:12  —22.927012 44 20102 21703 —0.67703)  24.03707% 24707018 2,603+
+0.06 +0.18 +0.18 +0.2 +0.4 +0.42 +0.28 —+0.17 —+0.4
UVISTA-279127  6.537005  24.35701%  —22.6270:18 33 —23%02  20%0% 0327047 24247038 24577007 3.0%04+
UVISTA-65666  7.047018 24487010 —22.437011 28 —2.0102 23704 077008 2527103 24501013 1.67011
UVISTA-238225  6.947013 24597017 —22.417013 27 —L7T03 —L70Y —131%0%) 24197038 25507057 08707
UVISTA-304384 6567013 24507010 —22.40%01) 27 —1703 22704 —030%0% 24327039 24.62%018 13702
+0.07 +0.07 +0.4 +0.6 +0.22 +0.10 +0.13 +0.1
UVISTA-30425 6.604 24657000 —22.227007 23 25704 3f08 108103 23.497000 24577013 1.8%0 1+
UDS-88759 6.595  24.647018 22177018 2 —17%03 —1.970%  —0.72%03F  23.9270 00 24.65%03  3.270%%
0.12 +0.12 0.12 0.2 0.3 +0.28 0.11 0.19 +0.2
UVISTA-185070  6.781015  24.91% )7 —22.0370 19 —16tys  —17f7  —136%03  23.9270 2527701, 13703
+0.14 +0.28 +0.28 +0.3 +0.4 +0.43 +0.35 +0.08 +0.4
UVISTA-28495  7.12+01% 25017928 —22,0240.28 19 —1.9793 21404 0571043 24797035 24227008 141044
0.12 0.17 0.17 0.3 0.4 0.81 0.32 0.30 0.2
UDS-35314 6.70%0 10 25.0775,  —22.01%014 19 —2.5007  —2.6707 —0.69700:  24.60% )5 25297057 07853
UDS-118717 6.5170% 24877013 —21.9170 3 17 —17%0% —17T0G —0.08T09 2426707 2434703 0.8703
UVISTA-328993  6.117017 24707013 —21.907013 17 —18703  —2.770%  —0.10%030  24.147019 24257071 12797
UVISTA-136380  7.097019  25.3470% 2177702 15 —2.5103 28703 1047908 2616709 25127926 07703
+0.08 +0.21 +0.21 +0.3 +0.5 +0.57 +0.50 —+0.07 +0.2
UVISTA-211127  7.02+09%  25.46702L  —21.551021 12 —25703 24703 1004037 25117539 24.10%397  0.5792
+0.14 +0.24 +0.24 +0.4 +0.7 +0.73 +0.46 +0.37 +0.3
UVISTA-170216 ~ 6.52101% 25417024 2148102 11 —2.0104 20707 —0.66107 24717045 25371037 1.1793%
UVISTA-35327  6.71703) 25507035  —21.47703) 11 -22707  —1.871%0 - - - 0.8%0%
UVISTA-305036  6.917030 25527030 —21.42%039 11 —14%07 —1.4703 0.52103 2482703 2430700 1.6%03
UVISTA-104600  6.477097 25411097 —21.3570% 10 —1.8%02 20%03  —0.007032  23.98T018  23.98%007  0.2704
UVISTA-268576 6597072 25.697035  —21.29702¢ 9 21704 16708 <—143 2466708 52609  0.8703
+0.13 +0.38 +0.38 +0.4 +0.6 +0.81 +0.64 +0.20 +0.5
UVISTA-282894  7.02+0:13 25737038 21121038 8 —1.9704  —1.5%0¢ 0.131081 25.4070% 25271029 0.7103
UVISTA-271028  6.117017 25877032 —20.671032 5 —1.8703  —1.970%  >-0.03 >2535 2538703 0.6703

in broad-band filters. The inclusion of strong Lyman « emission
in the SEDs can result in higher redshifts by up to §z ~ 0.4 (see
table 3 of Bowler et al. 2014) when compared to results from fitting
with line-free SEDs. To provide a complete analysis of the avail-
able HST/WFC3 imaging for our sample of bright z ~ 7 LBGs, we
include four objects in our further analysis that have a photomet-
ric redshift without Lyman o emission at z < 6.5. These include
the spectroscopically confirmed LAEs ‘Himiko’ and ‘CR7’ and
two additional galaxies with zyp, >~ 6.6 with Lyman o included
(Zphot > 6.1 with line-free model fitting). We find that our results for
the size—luminosity relation are unchanged if these four objects are
removed.

Using the new near-infrared data, we are able to provide improved
constraints on the rest-frame UV slopes of the sample. We calculate
the slope (Buy) by fitting a power law (F; «xA?) to the YJHK,
photometry. As the Y band can be contaminated by the Lyman
break or potential Lyman o emission at z > 6.8, we also provide the
Buy values calculated with only the JHK bands for comparison.
The resulting Byy measurements are shown in Table 2. While there
is still significant scatter for the faintest objects in the sample, the
brightest galaxies appear consistently blue, showing Byy ~ —2.0
as found in samples of fainter z >~ 7 LBGs (Dunlop et al. 2013;
Bouwens et al. 2014). This is in contrast to a similar analysis at
z >~ 6, which found a slightly redder rest-frame UV slope in a
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sample of bright LBGs (Byy = —1.8 & 0.1; Bowler et al. 2015;
see also Jiang et al. 2013a). A redder slope of § >~ —1.6 would
also be predicted by extrapolating the colour-magnitude relation
measured at z >~ 7 (Bouwens et al. 2014) and by similarly bright
galaxies at z ~ 5 (Rogers et al. 2014). For two bright LBGs with
Myy >~ —22.5, ID238225 and 1D304384 however, we do find a
slightly redder slope of 8 >~ —1.7 as expected. Interestingly, these
two objects appear as single components in the HST/WFC3 data,
and are therefore unusual at the bright end of our sample. While a
larger sample is clearly needed, this could suggest that the bright,
single-component galaxies in our sample have a more evolved stellar
population compared to the bluer clumpy/merger-like systems that
are undergoing a particularly violent burst of star formation.

4.2 Nebular emission

In the last few years, the availability of deep Spitzer/IRAC pho-
tometry over the multiwavelength survey fields imaged by HST has
allowed the first investigation into the rest-frame optical emission
in LBGs at z > 5 (e.g. in the GOODS fields; Stark et al. 2013).
In addition to constraining the galaxy mass, the rest-frame optical
wavelength range observed in the [3.6 wm] and [4.5 um] bands also
includes several strong nebular emission lines such as Ho, HB and
[O 1] AA4959, 5007. With increasing redshift, these emission lines



T T T T T ]
F[3.6um] = Hg + [OI] 3
2F [4.5um] = Ha ) . HB + [om] =
— 1F 3
- b e
3 E 1
0 o L] ]
S F .[T T — —1
,‘_‘ 0 :_ 1 NI II Continuum cﬂ')'_:
£ F 7 E
LDi E ]
®, . é ]
E T ® Bowler et al. (20186) E
E s + Smit et al. (2014) E
F v m Compilation from Roberts—
—2F Borsani et al. (2015) 3
E 1 1 1 1 ]

6.0 6.5 7.0 7.5 8.0

Photometric Redshift

Figure 4. The IRAC [3.6 pum] — [4.5 pum] colour against photometric
redshift for the full Bowler et al. (2014) sample of bright z >~ 7 LBGs (black
circles). The shaded regions show the predicted colour for a range of Bruzual
& Charlot (2003) SED models with (blue) and without (grey) the inclusion
of rest-frame optical nebular emission lines with a combined HB + [O 1]
equivalent width in the range 637 < EW < 1582 A. The nebular emission
lines present in each Spitzer filter as a function of redshift is illustrated in
the upper region of the plot. The open circles show the colours of the LAEs
‘Himiko’ and ‘CR7’, which are spectroscopically confirmed to be at z = 6.6.
We also show the colours of galaxies presented by Smit et al. (2014, red
diamonds) and in a compilation by Roberts-Borsani et al. (2016, purple
squares). To focus on the range of interest for this work, we plot the z = 8.68
object presented in Roberts-Borsani et al. (2016) and Zitrin et al. (2015) at
z = 8.25 with a rightward arrow. Limit arrows are shown when the LBG was
undetected in either the [3.6 pum] or [4.5 pm] bands at <20 significance.

pass through the Spitzer/IRAC bands producing characteristic off-
sets in the [3.6 pm]—[4.5 um] colour as compared to a continuum
only model (see Fig. 4). The presence of strong rest-frame optical
nebular emission lines in the SEDs of 3 < z < 7 LBGs has now
been demonstrated by several studies (Stark et al. 2013; de Barros,
Schaerer & Stark 2014; Smit et al. 2014, 2016; Marmol-Queralto
et al. 2016). These previous results however have focused on rel-
atively faint LBGs selected from within the CANDELS fields or
cluster-lensing fields imaged by HST.

Using the deep Spitzer/SPLASH data over the UltraV-
ISTA/COSMOS and UDS/SXDS fields, we can investigate the
prevalence of nebular emission in our sample of bright z ~ 7 ob-
jects. In Bowler et al. (2014), we performed a similar analysis using
the shallower SPLASH data available at that time. Here, we ex-
ploit the final SPLASH imaging using the deconfusion analysis
described in McLeod et al. (2015) and discussed in Section 2.6.
The majority of the galaxies in our sample are strongly detected
in the Spitzer/IRAC data, without the need for stacking or strong
gravitational lensing (e.g. Smit et al. 2014). Furthermore, from the
Spitzer photometry presented in Table 2 it is evident that the IRAC
colour is either significantly redder or bluer than that predicted by
a continuum only model ([3.6 um]—[4.5 um] ~ 0.0). In Fig. 4,
we show the [3.6 pm]—[4.5 um] colour as a function of photomet-
ric redshift for our sample. The observed IRAC colours are fully
consistent with the contamination of these photometric bands by
strong rest-frame optical nebular emission lines, which are red-
shifted through these filters from z >~ 6.5 to z >~ 7.5, resulting in a
change in sign of the [3.6 um]—[4.5 um] colour. We also show z =~
7 results from Smit et al. (2014), derived from a sample of lensed
galaxies (with intrinsic Myy ~ —20.5) and from higher redshift
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objects presented in a compilation by Roberts-Borsani et al. (2016),
which includes the objects at z = 7.51 (Finkelstein et al. 2013),
7z =17.73 (Oesch et al. 2015) and z = 8.68 (Zitrin et al. 2015). The
Roberts-Borsani et al. (2016) galaxies were selected based on their
red IRAC colour, whereas the Finkelstein et al. (2013) and Oesch
et al. (2015) objects were initially selected based on their rest-
frame UV emission. We also show the expected redshift-dependent
[3.6 pum]—[4.5 um] colour predicted by Bruzual & Charlot (2003)
models with and without rest-frame optical emission lines from
Ho, HB and [O m]. The range in rest-frame HB +[O 1] equivalent
widths shown (637 A < EW, < 1582 A) was chosen to match the
upper and lower limits found by Smit et al. (2014). While there
is still scatter in the [3.6 um]—[4.5 um] colours derived for our
sample as shown in Fig. 4, we find a clear change in the sign of
the colour with photometric redshift. Below z >~ 6.8, we find ex-
clusively blue [3.6 um]—[4.5 um] < 0 values, corresponding to
either no rest-frame optical emission lines or a stronger contri-
bution of HB + [O ] in the [3.6 um] band compared to He in
the [4.5 um] band. The [3.6 pm]—[4.5 um] colour agrees well
with previous results from Smit et al. (2014) and other studies at
z > 7 compiled by Roberts-Borsani et al. (2016). Around the sharp
colour change at z = 6.8-7.1, we find evidence for even stronger
rest-frame emission lines than our most extreme model shown in
Fig. 4, implying EW,(HB +[Om1]) > 1600 A. The extreme LAEs
‘Himiko’ and ‘CR7’ show similar colours to our sample; however,
as illustrated by the smaller error bars on their photometry, they are
particularly bright in the [3.6 um] band, as you would expect for
the increased nebular emission from these galaxies. These results
show that strong (EWo(HB +[Om]) > 600 A) rest-frame optical
emission lines appear to be common in bright z ~ 7 LBGs as well
as in fainter galaxies at this epoch (Stark et al. 2013; de Barros
et al. 2014; Smit et al. 2014). Furthermore, the surprisingly high
success rate at detecting Lyman « emission in z > 7.5 LBGs that
show red IRAC colours (Finkelstein et al. 2015; Oesch et al. 2015;
Zitrin et al. 2015; Roberts-Borsani et al. 2016) suggests that the
galaxies in the sample presented here could also show detectible
Lyman o« emission.

We note that the photometric redshifts for our sample were calcu-
lated without any nebular emission lines in the spectrum, using the
optical and near-infrared photometry only. With the addition of a
strong Lyman « emission line in the galaxy SED, the spectroscopic
redshift could be higher (typically Az ~ 0.1, to a maximum of
Az =~ 0.4; Bowler et al. 2014) than the line-free photometric red-
shift, due to the additional flux present in the broad-band pho-
tometry. Given the presence of two extreme LAEs over the fields
(Himiko and CR7) detected within the narrow-band NB921 from
Subaru, which selects LAESs in the redshift range z = 6.6 & 0.05, it
is feasible that similar LAEs exist in the field at z > 6.6. In Fig. 4, we
find that several objects (including our brightest object ID304416)
with [3.6 um]—[4.5 um] > 0.0 at z,p,c ~ 6.9 are offset from the
predicted redshift—colour region (shown as the shaded blue curve),
suggesting that the photometric redshift could be underestimated
due to contamination by strong Lyman o« emission.

4.3 Visual morphologies

The final sample of 22 LBGs is shown in Fig. 5, ordered by absolute
UV magnitude. The stamps are 3 arcsec across, or approximately
16 kpc at the median redshift of our sample. The four brightest
galaxies in the sample all have an elongated and clumpy appearance,
with the brightest clumps in ID304416 and ID169850 separated
by ~5kpc. The extent of these very bright LBGs is similar to
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Figure 5. Postage-stamp HST/WFC3 images of the final sample of 22 LBGs at z ~~ 7 (initially selected in Bowler et al. 2014). The galaxies are ordered by
absolute UV magnitude, with the brightest object in the upper left (Myy = —23.1) and the faintest in the lower right (Myy = —20.7). The colour scale for each

stamp has been scaled between a minimum surface brightness of 26 mag arcsec™
extended emission. Contours are shown in 0.5 mag intervals brightwards of 25 mag arcsec™

2 and the peak surface brightness (typically 22 mag arcsec™2) to highlight any

2. Each stamp is 3 arcsec on the side, with north to the top and east

to the left. The images are centred on the coordinates determined from the ground-based selection, where each stamp displays a single ground-based object.
The physical distance in kpc has been calculated according to the redshift of each galaxy and is displayed as a scale-bar in the upper right of each stamp.
Galaxies that show multiple distinct components at z > 6 are highlighted with the letter ‘m’ in the lower-left corner of the stamp.

that of ‘Himiko’ (Ouchi et al. 2009, 2013); however, the brightest
galaxies here are up to Amag = 1.0 mag brighter in the rest-frame
UV. As well as the extended clumpy objects, we also find galaxies
with apparently distinct components (at least to the limiting surface
brightness of our data), for example ID279127, ID30425/CR7 and
1D28495. These objects were all selected as a single galaxy with the
resolution of the ground-based data used in Bowler et al. (2014),
and the close separation (<10 kpc) suggests that they are associated
with the same galaxy (e.g. clumps in an extended structure) or
in the process of merging. The remainder of the sample appear as
isolated single-component objects, with several appearing elongated
(e.g. ID268576, ID271028) or showing extended emission (e.g.
ID185070, ID238225).

The diversity of morphologies observed in our sample is similar
to that found in lower redshift star-forming galaxies. For example,
Law et al. (2012) found a range of structures in at z >~ 2-3 LBGs
including single nucleated sources (~40 per cent of the sample),
groups of distinct components (~20 per cent) and highly irregular
extended objects (~40 per cent). The results of our analysis show
that at z >~ 7 the brightest galaxies tend to be clumpy/merger-like
systems, with the four brightest objects all showing two or more
distinct components. Fainter galaxies are instead generally single
components, although with some signs of an irregular morphology
(Oesch et al. 2010; Jiang et al. 2013b). Our results are similar to
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those found by Kawamata et al. (2015) in a study of LBGs found
within the HFF programme, who found that LBGs at z ~ 8 with
multiple cores tended to be at the bright end of their sample. The
depth of our WFC3 data is sufficient to detect if the galaxies in our
sample with 24.5 < map < 25.0 consisted of multiple components;
however, the most clumpy LBGs are clearly preferentially found
at the bright end of our sample. At the faint end of our sample
however, our observations are only sensitive to multiple-component
systems without extended/low surface brightness emission (see the
appendix), and hence, deeper data are required to robustly determine
the morphologies of Myy >~ —21 LBGs at z 2~ 7. We note here that
the LBGs in this sample were selected independently of the surface
brightness profile due to the dominant effect of the relatively large
ground-based PSF, and hence, we are not strongly biased to compact
systems.

4.4 Interaction/merger fraction

Visibly disturbed, elongated or clumpy galaxies at high redshift
have often been interpreted as merging systems (Conselice 2014).
The merger fraction at intermediate redshift has been calculated
by using non-parametric morphology measurements such as the
Concentration-Asymmetry-Clumpiness (Conselice et al. 2003) or
the Gini/M20 parameters (Lotz, Primack & Madau 2004), which



when combined with an estimate of the time-scale for merger activ-
ity to be visible (200-800 Myr; Lotz et al. 2010a,b) can be converted
into a merger rate. At very high redshifts however, the small size of
the galaxies with respect to the PSF results in biases in these param-
eters, which depend sensitively on the depth of the imaging (Jiang
et al. 2013b; Curtis-Lake et al. 2016), and hence visual inspection
is often employed to estimate the merger/interaction fraction. In
our sample of bright z >~ 7 LBGs, we find nine galaxies that show
distinct components that could be attributed to a merging system
(seven excluding the known LAEs ‘Himiko” and ‘CR7’). These nine
objects are highlighted in Table 2. In addition, several of the single-
component objects show extended emission or an elongation, and
hence, we place a lower limit on the merger fraction of >40 per
cent from visual inspection. For fainter LBGs at z > 7 however, the
disturbed fraction is significantly lower (<10 per cent) despite the
data being sufficiently deep to detect additional components (e.g.
Oesch et al. 2010; see also Conselice & Arnold 2009). It is clear
in the postage-stamp images shown in Fig. 5 that the very brightest
galaxies in our sample all show a clumpy and extended morphology.
Determining the merger fraction for these extremely bright LBGs
therefore results in a merger or interaction fraction of 100 per cent
at Myy < —22.5. For these LBGs, the individual components are
as bright, or brighter, than ‘normal’ z >~ 7 LBGs (Myy = —22.3 and
—22.4 for ID304416, and Myy = —22.6 and —21.5 for ID169850,
Myy = —21.8 and —21.5 for ID65666 and Myy = —21.7 and —21.6
for ID279127). Hence, if the multicomponent galaxies are the result
of amerger of two or more typical LBGs, then the star formation rate
(SFR) has been significantly boosted as a result of the interaction
(the component luminosities are in the range L >~ 2.5-7 L*).

The derived merger fraction from our data is comparable to that
found at z >~ 2-3, where a merger fraction of around 40-50 has been
derived for massive galaxies (M, > 10'° M@; Mortlock et al. 2013).
Law et al. (2012) found that 70 per cent of a sample of z = 1.5—
3.2 LBGs showed either multiple components (20 per cent of the
sample) or a highly disturbed or irregular morphology. At z >~ 6,
both Jiang et al. (2013b) and Willott et al. (2013) found a similarly
high fraction of disturbed systems in Myy < —20.5 LBGs, with
the brightest galaxies (Myy < —21) in the Jiang et al. (2013b)
sample showing a merger fraction of 60 per cent. We find therefore
that the visually derived merger fraction of bright z >~ 7 LBGs is
similarly high compared to that found at lower redshifts. This is in
agreement with the results of Curtis-Lake et al. (2016), who find no
evidence for an evolution in the fraction of fainter galaxies (—22 <
Myy < —20) showing irregular features from z = 4 to 6.

5 GALAXY LUMINOSITY FUNCTION

The new HST/WFC3 imaging of the Bowler et al. (2014) sample
presented in this work provides both a measurement of the galaxy
size and an independent measurement of the total galaxy flux. The
total galaxy luminosity is crucial when determining the bright end
of the rest-frame UV LE. Despite the ground-based selected objects
appearing to fragment into discrete components under HST resolu-
tion, we argue based on the following reasons that the clumps are
physically associated and should therefore be treated as a single
galaxy when calculating the LF. Firstly, the small separations of
the different components (<10 kpc) are dramatically lower than the
separations between similarly bright galaxies in the field (typically
>10arcmin), showing that the observed objects are very unlikely
to be simply chance alignments of fainter galaxies. Furthermore,
the deep optical imaging can strongly rule out that the brightest
components are low-redshift interlopers (Section 3.1). Secondly,
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the individual components of the clumpy LBGs in the sample are
brighter than typical LBGs at z >~ 7 despite having similar sizes.
This suggests that there is a physical association between the star-
forming components (whether via a merging process or a vigorously
star-forming clumpy system) that has increased the SFR of the sys-
tem as compared to the field. Finally, despite the galaxy sample
including extremely bright z >~ 7 LBGs, the surface brightness limit
of the data is insufficient to detect diffuse emission such as that
observed in z >~ 2 LBGs (e.g. Law et al. 2012). Hence, clumpy star-
forming galaxies as observed at lower redshifts would naturally
appear as discrete bright clumps when observed in the rest-frame
UV at higher redshift.

5.1 Galaxy total magnitudes and Myy

To explore the extent of the rest-frame UV emission, and to extract
the total magnitude for each galaxy in our sample, we measured the
curve-of-growth (COG) using circular apertures. Due to the clumpy
nature of the LBGs in this work, we calculated our own weighted
galaxy centroid from the data following the procedure employed
by SExTtrACTOR, Which uses the barycentre or first-order moment of
the profile defined as

x=ZI,~x,-/ZI,- and y=zliyi/zli, (D

where the sum in overall pixels assigned to an object by SEXTRACTOR.
In the case of single-component LBGs, we find excellent agree-
ment between our centroid and that calculated by SExTrACTOR. For
galaxies with an irregular, clumpy light distribution, the barycentre
matches the ground-based centroid (which is effectively a weighted
centroid of the full system) to within the astrometric error of
<0.1 arcsec, as expected from the relatively coarse pixel size and
larger FWHM of the ground-based imaging. Inspecting the COG
for each object we found that a 2-arcsec-diameter circular aper-
ture was required to measure the total magnitudes of the majority
of the galaxies in our sample, as supported by our stacked re-
sults shown in Section 6.3. As motivated by studying the COG,
we used larger 3-arcsec-diameter apertures for galaxies 1ID304416,
1D169850, ID279127 and ID88759/Himiko, due to the extended
and clumpy nature of these objects. The total and absolute magni-
tudes of the galaxies in our sample are shown in Table 2. We note
that the brightest galaxies in our sample have mag < 24 and are
therefore exceptionally bright for z >~ 7 galaxies without the boost
of strong gravitational lensing. The absolute UV magnitude (Myy)
was calculated from the best-fitting galaxy SED at a rest-frame
wavelength of 1500 A (using a top-hat filter of width 100 A), after
the SED was scaled to match the total magnitude measured from
the HST/WFC3 data in the appropriate HST filter.

The new photometry can be compared to our previous measure-
ments from the ground-based data (using 1.8-arcsec-diameter cir-
cular apertures, corrected to total assuming a point source; Bowler
et al. 2014). The comparison shows that the ground-based mea-
surement underestimated the total magnitude by Am = 0.1 mag,
rising to ~0.2 mag for the two brightest galaxies in the sample. As
is visible in the stack of the ground-based data shown in Fig. 9,
the brighter galaxies in our sample are resolved in the VISTA and
UKIRT data, and hence, it is unsurprising that we underestimated
the total magnitudes assuming a point source correction. For four
of the sample (ID305036, ID104600, ID211127, ID271028), we
find that the ground-based magnitude is significantly brighter than
the HST measurement, by Amap =~ 0.5-1.0 mag. In the case of
object ID104600, the flux is boosted due to contamination from a
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nearby low-redshift object (to the NW, separated by 1 arcsec), which
we have masked when performing the HS7/WFC3 measurement.
The other three objects all have low-redshift galaxies (ID277727,
1D271028) or stars (ID305036) close to the line of sight, which
has resulted in contamination of the ground-based photometry (see
Fig. 2) and an overestimated near-infrared magnitude.

As noted in Bowler et al. (2014) and Bouwens et al. (2015),
the use of small apertures (e.g. <0.6 arcsec diameter) can under-
estimate the total magnitudes of high-redshift galaxies. For ex-
ample, Bouwens et al. (2015) have suggested that McLure et al.
(2013), and other works that use similarly small apertures such as
Lorenzoni et al. (2012), could underestimate the total magni-
tudes of the brightest galaxies in their samples (Myy ~ —21) by
~0.2 mag. For the brightest galaxies, which are clearly extended
in the HST/WFC3 imaging in this work (and in other works e.g.
Oesch et al. 2010; Jiang et al. 2013b; Willott et al. 2013), we expect
this problem to be exacerbated. We compare our total magnitudes
to those obtained by SEXTRACTOR using small (0.6-arcsec-diameter)
circular apertures, corrected to total assuming a point source, and
MAG_AUTO, which uses scalable elliptical Kron apertures. While
using a small circular aperture unsurprisingly underestimates the
total magnitude of the brightest LBGs (by Amap > 0.5 mag), we
find that the measurements made using MAG_AUTO are in good
agreement with our COG measurements, suggesting that analyses
that use Kron-type elliptical apertures (e.g. Bouwens et al. 2015;
Finkelstein et al. 2015) are less prone to bias in the total magnitudes.

5.2 The luminosity function

Using the independent measurement of galaxy flux from HST, we
have found that the measurement procedure used in Bowler et al.
(2014) can underestimate the total magnitude of the galaxies in
this sample by around 0.1-0.2 mag. Furthermore, the new data has
resulted in the discovery of an artefact in the VISTA/VIRCAM
data and also the identification of contaminated flux measurements
for several galaxies. These effects must be taken into account
in the determination of the rest-frame UV LF from the UltraV-
ISTA/COSMOS and UDS/SXDS data sets at z > 7. Here, we present
an updated LF derived from the Bowler et al. (2014) sample using
the new HST/WFC3 data.

We calculated the rest-frame UV LF following the 1/Vi.x
methodology (Schmidt 1968) presented in Bowler et al.
(2014, 2015), where we refer the reader for a more comprehensive
description. In brief, we use the best-fitting SED model for each
galaxy to calculate the maximum redshift at which it would be re-
tained in the sample, and derive from this the Vy,.x. The incomplete-
ness of our sample due to the finite depth and photometric redshift
uncertainty was calculated at each redshift and absolute magnitude
using injection and recovery simulations. In the final LF calcu-
lation, we included the UltraVISTA/COSMOS DR?2 strips (area
0.62 deg?) and the full UDS/SXDS field (area 0.74 deg?). The near-
infrared data in the UltraVISTA/COSMOS DRI1 gaps region (area
0.29 deg?) was excluded from the analysis, as it was too shallow
to significantly affect the derived number densities. We corrected
for the moderate gravitational lensing of our LBGs by low-redshift
galaxies close to the line of sight using the approach presented in
Bowler et al. (2014, 2015). The delensing method uses the photo-
metric redshift and i-band luminosity of nearby galaxies to approx-
imate their gravitational lensing potential via the Faber—Jackson
relation. The magnification was typically 0.1 mag (i ~ 1.1), rising
to a maximum of 0.3 mag (u ~ 1.3).
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The brightest galaxies in our sample were the most robust to mag-
nitude errors and the number densities derived for the two brightest
bins are effectively unchanged from the Bowler et al. (2014) analy-
sis. The absolute magnitudes of the objects were typically underes-
timated from the ground-based data by 0.1 mag and 0.2 mag in the
central and brightest bin, respectively. In the faint bin presented in
Bowler et al. (2014), we now find that two of the nine galaxies were
cross-talk artefacts and two of the galaxies had overestimated fluxes
due to contamination from nearby galaxies or stars. We therefore
remove the cross-talk artefacts, and update the absolute magnitudes
of the galaxies in our sample using the new HST/WFC3 photome-
try. The resulting binned LF points are centred on slightly brighter
magnitudes than presented in Bowler et al. (2014). These points are
calculated from a sample that includes the spectroscopically con-
firmed z = 6.6 galaxies ‘Himiko’ and ‘CR7’, to provide number
counts for all known z >~ 7 rest-frame UV bright galaxies in the two
fields. These objects are relatively faint in our sample, occupying the
faintest bin in our LF analysis. As a result, if they are excluded from
our analysis, we find no significant changes to our LF results, with
the DPL becoming a slightly better fit to the data (over a Schechter
function), due to the small drop in the number density in our faintest
bin (~20 per cent). The updated LF is shown in Fig. 6 where we
compare to previous results at z 2~ 7 derived from the Subaru Deep
Field (Ouchi et al. 2009) and from a compilation of HST surveys
including the UDF and CANDELS data sets (McLure et al. 2013;
Bouwens et al. 2015; Finkelstein et al. 2015). The results presented
in Finkelstein et al. (2015) have been corrected to account for the
different cosmology, and the two brightest points from McLure
et al. (2013) are plotted 0.15 and 0.1 mag brighter to account for
the extended size relative to the assumed point source correction.
We fitted both a DPL and a Schechter function to the updated LF
points and those determined by McLure et al. (2013), who used a
similar methodology to this work. The resulting functional fits are
shown in the upper panel of Fig. 6 and presented in Table 3. The
updated best-fitting parameters agree well with the previous results
presented in Bowler et al. (2014, 2015), and consistently show that
the DPL is formally the best-fitting function with a reduced x% = 0.6
(compared to 0.9 for the Schechter function). The binned points are
presented in Table 4.

5.2.1 Comparison to previous studies

We find good agreement between our updated z >~ 7 LF points with
the results of Finkelstein et al. (2015) in the region of overlap, and
with the brightest point from Bouwens et al. (2015). The DPL fit
is also in good agreement with the data points from Ouchi et al.
(2009) around the knee of the function, and with previous results
at fainter magnitudes where we reproduce the steep faint-end slope
of @ >~ —2 found by previous studies (e.g. McLure et al. 2013). At
Myy >~ —21.75 however, we find a tension between our determi-
nation of the LF and the results of Bouwens et al. (2015). The
Bouwens et al. (2015) point at Myy = —21.66 is significantly in
excess of our best-fitting function at this magnitude and the ground-
based results from Ouchi et al. (2009), who found <1/3 the number
density of galaxies at a similar luminosity in an analysis of the
Subaru Deep Field. As shown in Bowler et al. (2015) at z >~ 6,
cosmic variance is significant at the bright end of the LF at z > 5,
and hence, part of the discrepancy could be a result of the strong
field-to-field variation between the 200 arcmin> CANDELS fields.
For LBG candidates at the bright end of the Bouwens et al. (2015)
z 2 7 sample however, there is an additional uncertainty that must
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Figure 6. The rest-frame UV LF at z >~ 7 from the UltraVISTA/COSMOS
DR2 and UDS/SXDS data sets as derived in Bowler et al. (2014), updated
using the results of this work from new HST/WFC3 imaging (red circles).
We show the results of previous works using ground-based data from Ouchi
et al. (2009, blue squares), and from a combination of HST surveys such as
CANDELS from Bouwens et al. (2015, purple squares), Finkelstein et al.
(2015, green diamonds) and McLure et al. (2013, black circles). The best-
fitting DPL and Schechter functions to our results and those of McLure et al.
(2013) are shown in the upper plot as solid and dotted lines, respectively.
The lo confidence limit on the best-fitting DPL is shown as the grey shaded
region. In the lower plot, we also show the best-fitting Schechter function
derived by Bouwens et al. (2015) and Finkelstein et al. (2015) as the purple
dotted and green dashed lines, respectively.

be considered due to the lack of deep Y-band imaging over the full
survey area used in their analysis. For three of the five relatively
wide-area CANDELS fields studied by Bouwens et al. (2015), there
is no Y-band imaging available from HST/WFC3. Imaging in the
Y-band is essential to constrain the position and strength of the Ly-
man break from z >~ 7 to 8, and to exclude low-redshift galaxy and
cool galactic brown dwarf contaminants, which can show identical
optical-to-near-infrared colours in the absence of the Y-band data
(Bowler et al. 2012; Finkelstein et al. 2015). While there exists some
relatively shallow Y-band imaging in the CANDELS COSMOS and
UDS fields from ground-based surveys, there is no space- or ground-
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Table 3. The best-fitting DPL and Schechter function parameters obtained
by fitting our new LF determination and the McLure et al. (2013) results.
The upper part of the table shows the results when ground-based objects are
considered as one galaxy in the analysis. In contrast, the lower part shows
the results when multiple-component objects are instead split into several
components that are treated as distinct galaxies. The DPL is formally the
best-fitting function in both cases. The columns show the characteristic ab-
solute magnitude (M*) followed by the corresponding characteristic number
density (¢*) and faint-end slope (). For the DPL parametrization, we also
show the best-fitting bright-end slope, .

M * a B
(mag) (mag™' Mpe™)
DPL 2060103 238« 107 2197012 _46704
0.17 1.7 — 0.10
Sch. —20.497017 42411 x 1074 ~2.075509 -
DPL 2071703 18tll <104 2227000 50704
Sch.  —20441016  45HL8 jg=4 5 05H000 -

Table 4. The binned rest-frame UV LF points for our sample of bright z ~
7 LBGs initially selected in Bowler et al. (2014). The LF analysis has been
updated from that presented in Bowler et al. (2014) using the results of our
HST/WEC3 follow-up. As in Table 3, the upper part shows the results when
ground-based selected objects are considered as one galaxy (as shown in
Fig. 6). The lower part shows the results when multiple-component objects
are instead split into separate ‘galaxies’ (Section 5.3). The first and second
column show the absolute magnitude range and weighted centroid for each
bin, followed by the derived number density. The absolute magnitudes were
calculated at a rest-frame wavelength of 1500 A.

Myy range Muyy ¢
(mag) (mag) (mag~" Mpe™)
—21.6 <M < =22.1 —21.85 275+ 1.04 x 10°°

21 <M< -226 —22.40 1.16 £ 0.58 x 10~¢
—22.6 <M < —23.1 —22.86 3.59 +£2.54 x 1077
—2155 <M < —21.8 —21.66 4254190 x 107°
218 <M< —223 —22.03 1.72 4+ 0.70 x 107
2023 <M< -228 —22.56 1.87 +1.87 x 1077

based Y-band imaging available in the Extended Groth Strip (EGS)
making this field in particular vulnerable to contamination. The
number of bright z >~ 7 LBGs found by Bouwens et al. (2015) in
the EGS is more than double the average number found in the other
fields, and hence, we suggest that the origin of the high number den-
sity derived around Myy ~ —21.7 could be due to contamination
by low-redshift galaxies or brown dwarfs in the CANDELS ‘wide’
fields utilized (also see the discussion in Finkelstein et al. 2015).
The effect of the uncertain number counts at the bright end of
the LF determined from the CANDELS data can be seen in the
best-fitting Schechter function parameters. The recent determina-
tions of the rest-frame UV LF at z = 7 by Bouwens et al. (2015) and
Finkelstein et al. (2015) both found a brighter characteristic mag-
nitude of the best-fitting Schechter function than previous studies
(Bouwens et al. 2011; McLure et al. 2013; Schenker et al. 2013),
finding an approximately constant value of Myy ~ —21 from
z 2~ 5toz 7. However, if the CANDELS ‘wide’ fields that have
limited or no Y-band data are excluded, Bouwens et al. (2015) find
M* = —20.61 = 0.31, which is in better agreement with our results
and previous studies. Using the wider area ground-based data, we
find a characteristic magnitude of M* = —20.49 & 0.17 (assuming
a Schechter function fit), which is in good agreement with our pre-
vious results (Bowler et al. 2015) and supports a brightening of the
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Figure 7. The rest-frame UV LF at z > 7 from this work calculated from the
individual components of each ground-based selected galaxy (open black
circles). The red circles show the results when multicomponent galaxies are
instead plotted as single objects (as shown in Fig. 6). Previous LF results
are described in the caption to Fig. 6, and the solid black line and dotted
line show, respectively, the best-fitting DPL and Schechter functions when
fitted to the LF points derived from the individual component analysis.

characteristic magnitude by AM* >~ 0.5mag fromz="7and z=>5.
While the LF points derived by Finkelstein et al. (2015) appear to
match our data at the bright end, this is at the expense of a satis-
factory fit to the majority of the other data points at Myy > —20.
Here, the degeneracy between the faint-end slope and the charac-
teristic magnitude results in a similarly bright M* = —21.03703]
to that found by Bouwens et al. (2015). This comparison illustrates
the importance of wide-area, ground-based data in constraining the
bright end of the LF at high redshift.

In conclusion, we find that a DPL remains the best-fitting func-
tional form to the data at z >~ 7. Furthermore, our results favour
a smooth evolution in the characteristic magnitude from Myy =~
—21 at z = 5 (van der Burg, Hildebrandt & Erben 2010; Bouwens
et al. 2015) to Myy ~ —20 at z = 8 (Oesch et al. 2012; McLure
et al. 2013; Schenker et al. 2013; Schmidt et al. 2014). While
we find evidence for strong evolution in the number densities of
galaxies around the knee of the rest-frame UV LF from z = 5
to z = 7, we find little evolution for the brightest Myy < —22
LBGs, which have an approximately constant number density of
¢ ~ 1 x 10~°mag~'Mpc™> over this redshift range (Bowler
et al. 2015).

5.3 Individual components

In the LF analysis presented in Fig. 6, we have classified each
ground-based galaxy as a single object due to the close separa-
tion of the clumps (<10 kpc) and their consistent photometry (Sec-
tion 3.1). If we interpret the identifiable clumps as merging galax-
ies however, then the derived LF points would change. Using the
SEXTRACTOR deblended objects and assuming the MAG_AuTo as the
total magnitude for each individual clump, the resulting LF points
instead follow a steeper decline as shown in Fig. 7. In this case,
the brightest ground-based galaxies in our sample, which appear as
multiple-component objects at HST/WFC3 resolution, are split into
several fainter ‘galaxies’ and hence the number densities at bright
magnitudes are reduced. While the brightest galaxy in our sample
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(ID304416) splits into two objects of comparable luminosity, the
majority of our brighter objects have a dominant component and a
fainter part (with Myy < —21.5; e.g. ID169850 and ID65666). As a
consequence, the faint end of our LF determination is in good agree-
ment with the previous results calculated from the full ground-based
object. The results of functional fitting to the individual component
results show that a DPL remains the formally best-fitting function.
We find that the best-fitting DPL and Schechter function parameters
(shown in Table 3) are consistent with the previous fits presented
in Fig. 6; however, for the individual component analysis, we find
a steeper best-fitting bright-end slope for the DPL fit. Although
the LF determinations agree within the errors, the number counts
of the very brightest LBGs (Myy ~ —23) differ significantly be-
tween the two approaches, with essentially no ‘galaxies’ brighter
than Myy =~ —22.6 when the individual components are consid-
ered separately. When comparing LFs derived from ground- and
space-based searches at the bright end, therefore, caution must be
taken to treat multiple-component galaxies in a consistent way. We
note that in the Bouwens et al. (2015) sample, individually se-
lected objects are grouped into a single galaxy if the centroids are
within 0.5 arcsec. This condition would be insufficient for several
galaxies in our sample where the components are separated by ~
1 arcsec. An inspection of the Bouwens et al. (2015) catalogue at
z = 7, however, shows that there are no galaxy pairs with sepa-
rations in the range ~0.5-1.5 arcsec, indicating that such systems
are rare amongst the fainter galaxies found within HST data. Sim-
ilarly, to obtain meaningful comparisons to galaxy evolution sim-
ulations (e.g. via a comparison of the LF; see Bowler et al. 2015),
it is clearly important to ensure that merging or clumpy galaxies
are selected and characterized using the same methodology as the
observations.

6 GALAXY SIZES

The HST/WFC3 imaging of z >~ 7 LBGs presented in this paper
provides the first high-resolution imaging of a sample of z > 6.5
star-forming galaxies in the magnitude range —23 < Myy < —21.
The imaging allows the first robust exploration of the galaxy sizes
in a previously unexplored magnitude regime at z >~ 7. As illustrated
in the postage-stamp images in Fig. 5, however, the sample shows
a range of morphologies, including multiple-component, clumpy
galaxies. The measurement of sizes is therefore complicated in
comparison to the samples of fainter, generally compact and single-
component galaxies explored previously (e.g. Oesch et al. 2010).
In this section, we discuss different methods for measuring galaxy
sizes for our sample using SEXTRACTOR, GALFIT and a COG analysis.

6.1 Size measurements

We first explored the standard technique of using SEXTRACTOR to
measure the half-light radius of high-redshift LBGs (e.g. Oesch
et al. 2010; Grazian et al. 2012; Jiang et al. 2013b). SEXTRACTOR
calculates the half-light radius (7| ,) in circular apertures, with ref-
erence to the total flux calculated with Kron-type elliptical apertures
(FLux_auto). As discussed by several authors (Grazian et al. 2012;
Huang et al. 2013; Curtis-Lake et al. 2016), SEXTRACTOR tends
to underestimate the half-light radius at large input galaxy sizes,
due to low surface brightness emission being unaccounted for
in the calculation of the total magnitude. An additional concern
for our sample in particular, is the deblending of clumpy objects
into multiple galaxies performed by SExTrAcTOR. We require a



measurement of the size of the full clumpy galaxy or merging
system, and hence, the fiducial SExTRACTOR sizes cannot be simply
utilized in our analysis. The sizes of the deblended individual com-
ponents of the galaxies by SEXTRACTOR were retained, however, and
compared to other methods described below.

We also explored using GALFIT, which provides an alternative,
parametric, method to determine galaxy sizes by fitting simple 2D
galaxy profiles to the data. GaLriT-derived sizes are also commonly
used at high redshift (e.g. Law et al. 2012; Ono et al. 2012; Huang
et al. 2013; Shibuya et al. 2015a). Typically, single Sérsic pro-
files are assumed, where the intensity is parametrized as /(R)
ekR/R12™) \with a particular Sérsic index n (n = 1 gives an ex-
ponential disc profile, and n = 4 gives the de Vaucoleurs profile
generally found for elliptical galaxies). As for SEXTRACTOR, a dis-
advantage of using GALFIT to determine the sizes of galaxies in our
sample is that it provides half-light radii for the individual com-
ponents, rather than the full galaxy. Furthermore, we do not have
sufficient signal-to-noise to constrain the Sérsic index for each com-
ponent, and hence, a Sérsic index must be assumed as is standard
practice at high-redshift (typically n = 1.0, e.g. Ono et al. 2012 or
n=1.5,e.g. Oesch et al. 2010; Shibuya et al. 2015a). Inspecting the
residuals from single Sérsic profile fitting with GALFIT with a fixed
n = 1.5, we find that this profile does not provide a good fit to the
full sample due to the extended clumpy emission (see also Ribeiro
et al. 2016). Instead, we seek a non-parametric method to measure
the individual galaxy sizes.

We therefore choose to estimate the sizes for our sample us-
ing a non-parametric half-light radius measure, obtained from the
COG for each galaxy. We measure the flux in progressively larger
circular apertures centred on the barycentre of the system (equa-
tion 1), simply identifying the radius of an aperture that contains
half of the total flux, where the total flux was measured in apertures
of diameter 2 or 3 arcsec as motivated in Section 5.1. The COG
method is very similar to that employed by SExTRACTOR; however,
it allows full flexibility to mask components identified to be at low
redshift, to centre the apertures appropriately and to determine the
total flux of the galaxy in larger apertures. Low-redshift galaxies
close to the line of sight to the central LBGs were masked using
the SEXTRACTOR segmentation map, where individual SEXTRACTOR
objects were associated with the ground-based z >~ 7 galaxy within
a radius of 1 arcsec. Extended flux beyond the SExTrACTOR detec-
tion threshold in the outskirts of low-redshift galaxies in the stamp
was masked by growing the segmentation map by 2 pixels. We esti-
mated and subtracted the median sky background determined from
within an annulus of diameter 3-5 arcsec in the masked stamp. The
uncertainty in the COG r;, was calculated by perturbing the total
magnitude according to the magnitude error, which, because of the
large radii used to contain the total flux, is the dominant source
of uncertainty in the measurement. Comparing our non-parametric
ri2 from SExTrACTOR and the COG method, we find good agree-
ment for individual components and find no evidence for a bias.
Finally, the non-parametric measurement of the half-light radius
from the COG and SEXTRACTOR must be corrected for the effect
of the PSF. To allow a direct comparison with previous results
(Oesch et al. 2010; Jiang et al. 2013b), we correct for the PSF
by subtracting the r;/, obtained from the PSF in quadrature. The
validity of this approximation is discussed further in Section 6.3.
A high signal-to-noise PSF was created by stacking unsaturated
stars in our data. The Jy»s + Hjg stack and the JH) 4 imaging
have comparable PSFs, with half-light radii of 0.13 arcsec and
0.14 arcsec measured by SExTrACTOR and the COG analysis, re-
spectively.
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Figure 8. The half-light radii of our galaxy sample, plotted against the
absolute UV magnitude. The sizes were measured using a COG analysis
and corrected for the effect of the PSF in quadrature. Galaxies with multiple
components suggestive of a clumpy or merger-like system are highlighted as
open circles. At Myy > —21 we show the previous results from Oesch et al.
(2010) (purple triangles), Ono et al. (2012) (grey squares), Grazian et al.
(2012) (blue diamonds), Shibuya et al. (2015a) (navy triangles), Kawamata
et al. (2015) (salmon squares) and Curtis-Lake et al. (2016) (green stars).
Lines of constant SFR surface density are shown as the dashed lines, ranging
from Xspr = 1-20 M@ yr’l kpc’2 (assuming a Salpeter 1955 IMF).

6.2 Individual galaxy sizes

Using the COG method, we calculate the half-light radii of the
galaxies in our sample and plot them in Fig. 8. Reassuringly, at the
faint end of our sample (Myy >~ —21.5), we find good agreement
with the sizes derived from previous studies. The sample was split
into single- and multiple-component systems by visual inspection,
with the multiple-component galaxies highlighted in Table 2. For
the brightest galaxies that tend to appear as multiple-component,
clumpy, systems, we find considerably larger sizes (1, > 1kpc)
than for the galaxies with a smoother, single-component morphol-
ogy. The importance of clumpy or merging-type morphologies in
the brightest galaxies at z >~ 7 is clear from Fig. 8, where these
objects are consistently measured to have larger sizes. The results
also show the range of morphologies present in the brightest ob-
jects, as for LBGs with Myy < —22.5, the derived sizes range from
0.8 kpc to >~ 3kpc. The measured sizes of the individual clumps
in the multiple-component galaxies are consistent with those of the
‘single-component’ objects at the luminosity of the clump.

For three LBGs imaged with HST, the size is consistent with a
point source within the errors (ID104600, ID35327 and ID271028).
These galaxies are amongst the faintest in the sample, and hence,
the sizes are more uncertain; however, we inspected the SED fits for
these objects to identify any potential brown dwarf contamination.
We find that a high-redshift galaxy SED is preferred to that of a
brown dwarf in each case. While the measured sizes are consistent
with the galaxies being unresolved at HST/WFC3 resolution, inspec-
tion of the imaging available shows extended or elongated emission
for these objects. It is therefore unlikely that they are brown dwarfs,
although it cannot be completely excluded with the current data.
An alternative explanation for the compact emission for example
in ID104600, which has the smallest r|» measured in our sample,
could be the presence of an active galactic nuclei (AGN). The faint
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Table 5. The measured half-light radius and Sérsic index for the stacks shown in Fig. 9. The errors were calculated from bootstrap resampling with replacement.
The upper rows show the results from stacks including all galaxies irrespective of visual morphology. In the lower rows, we present the results from stacking
only the single-component objects. The first column shows the stack name, followed by the magnitude range of galaxies in the stack. The half-light radius
obtained from a COG analysis (corrected for the PSF in quadrature) is shown in the third column, followed by the circularized half-light radius and Sérsic

index obtained from GALFIT for the stack. In the final column, we show the number of galaxies included in each stack.

Stack name Magnitude range r1/2/kpc COG r172/Kpc GALFIT Sérsic index Number
All galaxies (single + multiple comp.) —22.0 < Myy < —21.0 0781018 0.571015 1373 11
All galaxies (single + multiple comp.) —23.2 < Myy < —22.0 2.30792% 2.077030 13721 10
Single-component galaxies —21.9 < Myy < —-21.0 0.65f8:}g 0-51t8:%g 1-6t8:§ 6
Single-component galaxies —22.5 < Myy < —21.9 0.92f8:i3 0.65f8:?3 1.7:1):; 6
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Figure 9. The surface brightness profiles for stacks of our sample of bright z >~ 7 LBGs. The left-hand plot shows the results from the ground-based UltraVISTA
data, while the central and right-hand plot shows the results from HST/WFC3 imaging. The PSF for each data set is shown as the red line, and the surface
brightness limit for each stack is shown as the horizontal dashed line. The bright subset of the data with Myy < —22 is shown as blue circles, and the stack for
the fainter objects is shown with open black circles. The best-fitting Sérsic model fits for the HST/WFC3 stacks are shown as the solid blue or black line for
the brighter and fainter subsets, respectively. The peak surface brightness of the stacks of fainter galaxies have been scaled to match that of the brighter stack
in each figure.

end of the quasar LF at z >~ 7 is poorly constrained (Venemans
et al. 2013); however, by making realistic assumptions about the
form of the LF, we expect <1 low-luminosity high-redshift AGN in
our sample (Bowler et al. 2014). Given the uncertainties in the faint-
end slope of the quasar LF at high-redshift, however, the presence
of one quasar in our sample would not be unexpected (see Willott
et al. 2010).

The surface brightness profiles for the six stacks are shown in
Fig. 9. The stack of the ground-based UltraVISTA data shows that
the brightest galaxies in the sample are clearly resolved even under
~(.8 arcsec seeing (as expected from the sizes measured in Bowler
et al. 2014), with the fainter objects also appearing marginally re-
solved. The fact that the galaxies are resolved in the ground-based
data is encouraging for future wide-area searches for high-redshift
galaxies, for example in the full VISTA VIDEO survey (Jarvis
et al. 2013), where contaminant brown dwarfs significantly exceed
the surface densities of LBGs (Bowler et al. 2015). The differ-
ence in size between the fainter and brighter samples found in the
ground-based data is confirmed with the improved spatial resolu-
tion provided by HST/WFC3. When all galaxies are included in the
stacks (single and multiple systems), we find the brightest objects
are highly extended with flux visible to a radius of 1.5 arcsec. The
fainter stack however appears compact although it is clearly resolved
by HST/WFC3. The resulting stacked images can be fitted with a
Sérsic profile. The half-light radii of the stacked profiles obtained
using both GaLFIT and the COG analysis are shown in Table 5. GALFIT
returns the effective radius along the semimajor axis, and hence, we
circularize this radius using the axis ratio (ry» = re4/b/a). Errors
on the sizes were obtained by created multiple stacks using bootstrap
resampling with replacement. We present the 68 per cent confidence
interval on derived parameters, obtained from the resulting proba-
bility distributions. Reassuringly, the half-light radius obtained from
the bright stack of galaxies in the HST data is consistent with that
obtained by fitting to the ground-based stack (r,», = 1.9 kpc with a
fixed n = 1.5). The Sérsic indices are poorly constrained by our data
due to the range of input morphologies. However, the distribution of

6.3 Stacked profile

To determine the average properties of bright LBGs at >~ 7, we
created stacks of the galaxies in our sample. The range of absolute
magnitudes that were included in each stack is presented in Table 5.
First, we simply stacked the 10 brighter (Myy < —22.0) and 11
fainter (Myy > —22.0) LBGs irrespective of morphology (‘CR7’
was excluded because it does not have imaging in consistent HST
filters). Secondly, we created a bright and a faint stack from the
subset of galaxies that show only single components in the imaging.
Finally, we created stacks from the ground-based data available to
provide a comparison to the new HST results. The stacks were
performed at the barycentre of each object, rather than the peak
flux, to attempt to recover the average profile of the full extended
system. Such an approach is also employed for clumpy Ho emitters
at lower redshift (e.g. Nelson et al. 2016). To create the stacks,
background-subtracted cut-outs of each object were centred to the
subpixel centroid by subsampling the data by a factor of 100, using
a bilinear interpolation. The individual centred stamps were then
median stacked, with the errors at each radius calculated from the
standard error on the mean.
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Sérsic indices peaks around n = 1.5 as is commonly assumed at high
redshift, with a longer tail to higher values. As illustrated in Fig. 9,
we find a large difference in the average profile between galaxies at
Myy >~ —21.5 and Myy =~ —22.5, with the average half-light radius
increasing by a factor of 2~ 3. If instead we only stack those objects
that show little evidence for clumps or interactions (i.e. the single-
component galaxies), we find that the brighter and fainter stacks are
have similar sizes with r;» 22 0.5-0.9 kpc. The stacks visually show
the strong effect on the derived half-light radius that results from the
inclusion of multiple-component systems. While the fainter stacks
in each case (with or without multiple-component galaxies) show
similar sizes, the brighter stack has a half-light radius more than
twice that of the similarly bright, single-component objects. This
indicates that clumpy/merging systems are particularly important
at the very bright end of our sample (Myy < —22.5), which we
discuss further in the context of the size—luminosity relation in the
next section.

6.3.1 Correcting the size measurements for the PSF

As shown in Table 5, the half-light radii obtained from single
Sérsic profile fitting with GALFIT are systematically smaller than
those obtained with the COG non-parametric method. The COG
sizes were corrected for the PSF smoothing by subtracting the half-
light radius of the PSF in quadrature (r2, = r3, — rap), an ap-
proach that has been used by several studies at high redshift (Oesch
etal. 2010; Jiang et al. 2013b). This prescription is analytically valid
for the convolution of two Gaussian profiles; however, as shown by
Curtis-Lake et al. (2016), this approximation is not sufficient in
the case of a PSF that shows extended wings when using a COG-
like size measurement. The PSF wings act to distribute light from
the compact galaxy profile to larger radii, resulting in a larger ob-
served ry/, than that obtained after convolution with a Gaussian
function. The result is that for a given input Sérsic profile, there
is an approximately constant offset between the output sizes after
the simple quadrature correction, compared to the input value (see
fig. 1 of Curtis-Lake et al. 2016). The COG-measured sizes pre-
sented in this paper therefore represent upper limits on the likely
r1/> measurements for the sample. The additional correction beyond
the simple quadrature subtraction presented above depends on the
underlying galaxy light profile and on the aperture diameter used
to approximate the total flux of the object. We investigate the de-
pendences of the offset for the galaxies in our sample using simple
model Sérsic profiles and the empirically derived PSFE. In agreement
with Curtis-Lake et al. (2016), we find that if the stack is a simple
n = 1.5 Sérsic model, then the sizes measured using the COG (and
corrected for the PSF in quadrature) also require an additional cor-
rection to smaller sizes of around ~30 per cent. Such a correction
would result in good agreement between the sizes derived for the
stacks from GaLFIT and the COG analysis. Due to the unknown un-
derlying morphology for the stacks, however (as illustrated by the
large errors on the Sérsic Index), the exact correction is uncertain,
and hence, we present both size measurements to represent a real-
istic range in the likely r|/, for the average profile of bright z >~ 7
LBGs.

6.4 The size-luminosity relation

Using the stacked profiles, we are able to measure the average sizes
of LBGs at z ~ 7 to bright (Myy < —22) magnitudes for the first
time, hence extending the baseline for exploring the size—luminosity
relation. The size-luminosity relation is typically parametrized as a
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Figure 10. The size-luminosity relation at z >~ 7. The results of this work
are shown as the red circles brightwards of Myy = —21. The half-light
radii were derived from the stacked profiles displayed in Fig. 9 using the
COG analysis. Open circles show the results when all galaxies are included
regardless of visual morphology, and the maroon circles show the results
when only single-component galaxies are considered. The best-fitting size—
luminosity relation to two sets of stacked points are shown as the solid red
and maroon lines. Previous results are shown as in Fig. 8. The grey dashed
lines show the lines of constant star-formation surface density in the range
Tgpr = 1-20 M yr~' kpe™2.

simple power law, with ry; oc L”, with typical values of y ~ 0.2—
0.3 for star-forming galaxies at low redshift (e.g. Shen et al. 2003,
see discussion in Huang et al. 2013). At z >~ 4-6, the slope of the
size-luminosity relation has been constrained to y ~ 0.2 (Huang
et al. 2013; Curtis-Lake et al. 2016). At z >~ 7, however, the slope
of the relation is uncertain, due in part to the reduced luminosity
range available in samples derived using relatively small area HST
surveys. For example, using the CANDELS data, Curtis-Lake et al.
(2016) found a shallow relation similar to that at lower redshifts
(y = 0.19 £ 0.38) whereas Grazian et al. (2012) found evidence for
a significantly steeper size~luminosity relation (with 7y, o< L'/?). In
a comparable study to this work at z 2~ 6, Jiang et al. (2013b) found
a flat size—luminosity relation when including galaxies as bright as
Myy >~ —22.5, with a slope of y = 0.14 £ 0.03. In the sample of
bright z >~ 7 galaxies presented in this paper, we have found several
galaxies that show multiple-component, clumpy morphologies that
could be interpreted as merging systems. If these objects are in
a transitional merging state, then for comparison to disc or early-
type galaxies at lower redshift (where irregular morphologies are
uncommon, e.g. Buitrago et al. 2013 and Mortlock et al. 2013), they
should be excluded from the size—luminosity relation. Typically, at
high redshift, multiple-component galaxies have either been too rare
in the sample to dramatically affect the relation (Oesch et al. 2010) or
they have been removed from the size—luminosity relation analysis
as atypical objects (Jiang et al. 2013b). In the calculation of the
size—mass relation at z >~ 2-3, Law et al. (2012) use the size of the
brightest component as a proxy for the galaxy size in the case of
multiple distinct components. An alternative approach, presented in
Kawamata et al. (2015), is to fit a single Sérsic profile to galaxies
with multiple cores. We therefore present the results of our size
measurement of z >~ 7 galaxies both with and without the inclusion
of visually identified multiple-component galaxies and compare
the results. In Fig. 10, we show the sizes derived from using the

MNRAS 466, 3612-3635 (2017)



3630 R. A. A. Bowler et al.

COG measurement on the stacked galaxy profiles, compared to
those from results derived in the UDF (Oesch et al. 2010; Ono
et al. 2012), the HFF (Kawamata et al. 2015) and with CANDELS
(Grazian et al. 2012; Shibuya et al. 2015a; Curtis-Lake et al. 2016).
Given the uncertainties in the PSF correction to the galaxy size, the
COG results should be considered upper limits. For the faintest bin,
we find good agreement with the sizes derived from fainter studies,
indicating that there is no strong size—luminosity relation apparent
faintwards of Myy >~ —22. Comparing our results at Myy = —21.5
derived with GALFIT with previous studies at Myy ~ —20.5, however,
we find a slight tension (at the 20 level) with the brightest bin
derived by Grazian et al. (2012) and Curtis-Lake et al. (2016). When
including the multiple-component objects in addition to those with
smoother profiles, we find significantly larger sizes at the bright end
of the sample with a rapid increase in rj/, observed brighter than
Myy < —22.5 or equivalently, an SFR > 25M@g yr™'.

Fitting a power law to our results combined with those from
previous studies at fainter magnitudes provides a rough estimate
of the slope of the z >~ 7 size—luminosity relation. To provide two
independent estimates of the slope, we fit our derived r;/, values
obtained from the stacks using either caLFIT or SEXTRACTOR/COG
separately, coupled with previous results at fainter magnitudes that
used a similar methodology. For our GALFIT results, we fit to the
points from Ono et al. (2012), Kawamata et al. (2015) and Shibuya
et al. (2015a), and for the SExTrRACTOR/COG method, we include the
points from Oesch et al. (2010), Grazian et al. (2012) and Curtis-
Lake et al. (2016). The resulting fits are shown in Fig. 10. When
considering only the single-component galaxies, we find a gradient
of 0.14 £ 0.08 for the non-parametric method (y = 0.22 £ 0.10
using GaLFIT). This slope is consistent with the previous results at
z=4-6, which show y >~ 0.25 (Huang et al. 2013; Jiang et al. 2013b;
Shibuya et al. 2015a; Curtis-Lake et al. 2016). The slope of our
size—luminosity relation is also in good agreement with the results
at z ~ 7 from Shibuya et al. (2015a), who found y = 0.26 £ 0.06
(see their fig. 10). The similar gradient obtained from the two size
measurement methods indicates that there is a systematic difference
in sizes obtained using the two methods over a range of magnitudes,
potentially due to the uncertainties in the PSF correction. Our results
are unchanged if we exclude the LAEs CR7 and Himiko, and the
LBG with a best-fitting photometric redshift at z < 6.5 (without
Lyman « in the fitting).

If we fit to the full sample, including the multiple-component
systems, we find a steeper gradient of y = 0.50 £ 0.07 for the
COG method (y = 0.49 £ 0.08 for GALFIT) more consistent with the
results of (Grazian et al. 2012). Brightwards of Myy ~ —22.5, we
find a sharp increase in the average size of the LBGs in our sample.
It is therefore unsurprising that we find good agreement with the
gradient of the size—luminosity relation found by previous studies,
as they were typically limited to fainter galaxies found within HST
survey data. Our results are also consistent with the shallow size—
luminosity relation found in studies of brighter galaxies at z = 4-5
by Huang et al. (2013) and at z ~ 6 by Jiang et al. (2013b), as the
samples considered in these studies were limited to Myy > —22.5.
Finally, in the Huang et al. (2013) study, sizes were measured assum-
ing single Sérsic profiles, which will result in a smaller measured
galaxy size in the presence of multiple components, than would be
obtained with our non-parametric method.

7 DISCUSSION

The dependence of the measured average sizes and the derived
size—luminosity relation on the treatment of multiple-component,
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clumpy galaxies, is clear from Fig. 10. Previous studies of the sizes
and morphologies of high-redshift LBGs have tended to focus on
the more numerous, but fainter galaxies found within the relatively
small area surveys from HST. Within these surveys, several authors
have noted the presence of disturbed and clumpy morphologies
(e.g. Oesch et al. 2010; Jiang et al. 2013b); however, these objects
have been sufficiently rare to impact the derived size—luminosity
relation. At the very bright end of our z >~ 7 sample, however, we
find that objects with distinct components resolvable by HST/WFC3
become increasingly common and dominate at Myy < —22.5. If
these objects had been selected in high-resolution HST/WFC3 data,
they would have initially been deblended by SEXTRACTOR into several
distinct components, rather than classified as a single galaxy as in
our ground-based selection. It is therefore clear that for the bright
galaxies in our sample, the imaging resolution and the methodology
used to classify a single galaxy can have a significant impact on the
derived size-luminosity relation and the galaxy LF. As we argue
in Section 5, the multiple components observed in the brightest
galaxies in our sample are very likely to be physically associated,
due to the close separation and the enhanced luminosity of the
components compared to in the field. In this case, the selection of the
brightest galaxies in ground-based imaging provides an advantage
over higher resolution data, as it clearly associates clumps that
would have been resolved into separate components with HST.
While the close physical separation of the multiple components we
observe implies that they occupy the same dark matter halo at z >~
7, the classification of a single galaxy in simulations of structure
formation will depend on the algorithm used to group star particles
and on the formation mechanism. For example, if the clumps are
formed as part of a gas-rich disc or in the merger of two galaxies,
this will impact the underlying structure (such as a diffuse disc-like
component, or bridges of stars) that is present in the simulations
but is beyond the depth and resolution limit of our data. In future
comparisons to simulations, it is therefore essential to treat clumpy
galaxies in a consistent way to provide a meaningful comparison to
the observed z =~ 7 rest-frame UV LF and size—luminosity relation,
particularly at the bright end.

7.1 Clumpy star formation or merging systems?

We find that the brightest z ~ 7 galaxies in our sample are com-
posed of multiple components, suggestive of clumpy star formation
or merging galaxies (Fig. 5). Using deep optical imaging from the
ground-based imaging and HST/ACS, we can confirm that the indi-
vidual components are at z > 6; however, with the currently avail-
able data, it is not clear whether the observed clumps are formed
in situ or as part of an interaction. Irregular and clumpy galaxies
become increasingly common at higher redshift, with the fraction
of clumpy galaxies rising from z >~ 1 to z >~ 3 (e.g. recent work
by Guo et al. 2015; Shibuya et al. 2015b). While the clumps can
be embedded in a larger structure or disc (e.g. Law et al. 2012),
there are samples of star forming galaxies such as the clump-cluster
objects selected by Elmegreen et al. (2005, 2009) that appear vi-
sually similar to the bright galaxies in our sample (see also Wuyts
et al. 2012). The clumps detected at lower redshift are generally
thought to have formed by a violent disc instability in gas-rich, tur-
bulent discs, rather than by major mergers (see Shapley 2011). For
the bright, visually disturbed and clumpy galaxies in our sample,
we find widely separated components that are resolved by HST.
The ‘clumps’ found in our z >~ 7 LBGs contain the majority of
the galaxy flux, whereas on average at z ~ 2-3 clumps contribute
<30 per cent of the total galaxy luminosity, with the maximum



clump contribution of ~50 per cent (Guo et al. 2015). If instead
the clumps were part of a diffuse disc component of r = 4.0kpc
that contained 70 per cent of the galaxy flux, this disc compo-
nent would be identifiable in the images, which have a surface
brightness limit of >26.0 mag arcsec™? (see Fig. 5). While there
are several cases in lower redshift samples where the clumps also
contribute a large fraction of the galaxy luminosity (e.g. Livermore
etal. 2015), it is plausible that at z 2~ 7, star formation clumps more
typically dominate the luminosity of the galaxy due the increased
cold-gas fraction at high redshift (e.g. Mandelker et al. 2017). Fi-
nally, we note that the measurements of size and morphology at
z >~ 7 currently available are based on the rest-frame UV emission,
which can appear significantly more clumpy than at longer wave-
lengths (e.g. Wuyts et al. 2012). The James Webb Space Telescope
will provide the first high-resolution view of the rest-frame opti-
cal emission of these early galaxies, allowing a unique insight into
the spatial distribution of the underlying stellar mass and the star
formation via the rest-frame optical nebular emission lines such
as Ha.

Instead, the multiple-component galaxies in our sample could
be interpreted as merging systems. The individual components ob-
served in the brightest galaxies are separated by up to ~5 kpc, have
luminosities from L >~ 2.5-7 L* and show sizes that are consistent
with fainter galaxies. Using the Illustris simulation, Rodriguez-
Gomez et al. (2015) showed that the major merger rate at z >~ 7 is
around ~1 Gyr™" for the most massive galaxies (Mg > 10'Mg).
Given that the merger visibility time-scale is typically in the range
of 400-500 Myr from simulations (Lotz et al. 2010a) and is pre-
dicted to rise at high redshift where galaxies are more gas rich (Lotz
et al. 2010b), it is feasible that we are observing multiple merging
systems in the brightest galaxies at z ~ 7. The interpretation of
these galaxies as merger-driven starbursts would provide a natural
explanation for the bright magnitudes at which they are observed. In
the local Universe, galaxies in the process of merging are observed
to have an increase in the SFR of the system (by a factor of ~1.8 or
0.6 mag; Scudder et al. 2012). If we are observing the merger of two
L* galaxies, then the increase in the SFR induced by the interaction
could boost the luminosity of the system and hence increase the ob-
served number density of LBGs at the bright end of the LF. Future
work comparing to simulations of high-redshift galaxy formation
would be instructive to determine whether the observed clumps in
our sample likely originate from mergers or instead are formed in
situ at z >~ 7, and hence determine whether mergers are the main
driver for the power-law decline we observe at the bright end of the
rest-frame UV LE.

Finally, we note that the most star-forming galaxies are likely to
arise in the highest density regions at z ~ 7 (e.g as highlighted by
clustering measurements, e.g. McLure et al. 2009; Barone-Nugent
et al. 2014; Harikane et al. 2016), and fainter galaxies should there-
fore be more highly clustered around brighter objects. For the in-
trinsically brightest LBG in our sample, ID169850, we find a com-
panion galaxy with a consistent photometric redshift (ID170216)
only 40 arcsec away (~200 kpc proper distance), in comparison to
the next nearest LBG at z ~ 7, which is separated by over 12 arcmin.

7.2 SFR surface density

The galaxy size and rest-frame UV luminosity can be used to cal-
culate the SFR surface density, Xgpg, at high redshift. To provide
a lower limit on the Xgpg of our sample, we use the SFRs calcu-
lated directly from the rest-frame UV luminosity assuming no dust
extinction (Kennicutt 1998; Madau et al. 1998). This conversion
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assumes a Salpeter (1955) IMF,*> which we use for comparison to
previous results. Using samples of fainter z >~ 7 LBGs found within
the UDF, Oesch et al. (2010) and Ono et al. (2012) derived a range of
SER surface density spanning Zgrr =1-10 Mg yr~' kpe™2. Sim-
ilarly, Kawamata et al. (2015) found a weighted-log-average value
of Tspr = 4.1 Mg yr~' kpe™ for a sample of lensed galaxies. In
Fig. 10, we show the lines of constant Xspr compared to the sizes
and luminosities of galaxies in our sample. We find only a shal-
low evolution in the size of z >~ 7 LBGs to bright magnitudes, and
hence, the implied SFR surface density of the galaxies is increased
(Zspr = 5-20 Mg yr~! kpc™?). Our results are consistent with the
higher values derived in samples of brighter z = 6-10 galaxies found
within the CANDELS and other HST fields (Holwerda et al. 2015;
Shibuya et al. 2015a).

While the brightest objects in our sample show large sizes and
hence lower Xgpr values, the sizes are driven by the separation
of bright clumps, not the surface brightness. The SFR surface den-
sity derived from the individual components of the clumpy/merging
galaxies are similar to the single-component galaxies in our sam-
ple, indicating that the brightest galaxies (and the dominant star
formaing clumps within them) show a higher Xgrr on average,
than that found in previous studies of fainter galaxies at z ~ 7. The
higher implied Xgpg for the individual components of the multiple-
component galaxies supports our conclusion that the clumps are
in a physical association, where the environment (either in an in-
tense starburst or due to a merging process) is impacting the density
of star formation. Both Oesch et al. (2010) and Ono et al. (2012)
found an approximately constant SFR surface density of Xgpr =~
3Mgp yr~'kpc~2 independent of galaxy luminosity in the range
studied (L =0.3—1 L}_5). Here, the luminosity is expressed as a mul-
tiple of the characteristic luminosity at z = 3, which corresponds to
M* = —21.0(Steidel et al. 1999). These previous studies concluded
that the dominant driver of the observed size—luminosity relation
was an increase in galaxy size, with an approximately constant
Ysrr. Using the larger dynamic range provided by our sample of
luminous LBGs at z ~~ 7, we instead find that the sizes of the bright-
est LBGs (or the dominant star formation clumps within multiple-
component objects) show little trend with luminosity. Hence, we
find that the inferred SFR surface density is higher for the brightest
LBGs at z > 7, which have luminosities in the range ~1-7 L?_;,
and that an evolution in X gpg is the main driver of the observed flat
size—luminosity relation. Shibuya et al. (2015a) similarly conclude
that there is an evolution in the average SFR surface density with
luminosity or SFR at z ~~ 7, with the median values for their sample
increasing from T 37 M@ yr~'kpe=? at 0.12-0.3L}_; to
Tsrr 1475 M@ yr~! kpe™? in the brightest objects (1-10 L?_3).
At z >~ 1-3, an observed Zgrr > 10 Mg yr~! kpe™? is found pre-
dominantly in starburst, merging or infrared selected galaxies (e.g.
Daddi et al. 2010; Genzel et al. 2010; see fig. 8 of Kawamata
et al. 2015), and it is plausible that the brightest (in the rest-frame
UV) z >~ 7 LBGs studied here are similarly undergoing an unusually
violent episode of star formation as compared to fainter galaxies.

8 CONCLUSIONS

In this work, we present new, high-resolution HST/WFC3 imaging
of the brightest star forming galaxies at z >~ 7. The galaxy sam-
ple was initially selected by Bowler et al. (2012, 2014) from the

3 Dividing the SFRs by a factor of 1.6 converts to a Chabrier (2003) initial
mass function (IMF).
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ground-based UltraVISTA/COSMOS and UDS/SXDS fields. By
combining our Cycle 22 HST/WFC3 imaging with archival data
and imaging from the CANDELS survey, we present a complete
analysis of the high-resolution HST data available for the galaxies
in the original Bowler et al. (2014) sample. This consists of imag-
ing for 25 LBGs at z >~ 7 in the magnitude range —23.2 < Myy <
—21.0. Our main conclusions are as follows.

(i) The brightest z >~ 7 LBGs show a range of visual morpholo-
gies including apparently smooth single-component profiles and ex-
tended and highly clumpy objects. We find that multiple-component
systems account for >40 per cent of sample, in agreement with other
studies of bright LBGs at z < 7. In the most luminous galaxies
(Myy < —22.5), we find that multiple-component galaxies, sugges-
tive of merging galaxies or clumpy star formation, are ubiquitous.
The brightest LBGs studied here are up to 1 mag brighter in the
continuum than the LAEs ‘CR7’ and ‘Himiko’, and show similarly
extended, clumpy morphologies.

(ii) At the faint end of our sample, the independent photometry
enabled by the new HST data has revealed a new artefact in the
VISTA/VIRCAM imaging caused by cross-talk between the CCDs.
The cross-talk artefact accounts for 3 of the original sample of 30
LBG candidates selected in the UltraVISTA data in Bowler et al.
(2014), and must be considered in future selection of faint objects
using deep VIRCAM imaging.

(iii) A deconfusion analysis of the deep Spitzer/IRAC [3.6 um]
and [4.5 um] data in the fields shows evidence for strong
(EWo(HB + [O1]) > 600 A) rest-frame optical nebular emission
lines in the brightest z >~ 7 LBGs.

(iv) We recalculate the rest-frame UV LF from the Bowler et al.
(2014) sample using the new HST/WFC3 data, accounting for the
VISTA/VIRCAM artefact and measuring the total galaxy luminos-
ity using large (2-3 arcsec diameter) apertures. We find that a DPL
remains the preferred functional form to fit the bright end of the
z =~ 7 rest-frame UV LF. The results support a smooth evolution in
the characteristic magnitude of AM* ~ 0.5 fromz ~5toz~ 7.

(v) The half-light radii of the galaxies determined from the
HST/WFC3 imaging show a broad range from r;,, = 0.2-3.2kpc
when calculated with a non-parametric COG method. For the fainter
galaxies that appear as single components in our data, we find half-
light radii of ;> ~ 0.5kpc, consistent with previous analysis of
fainter LBGs. The brightest galaxies in our sample however are
dominated by multiple-component systems and show significantly
larger sizes (ry» > 2kpc).

(vi) We use stacked galaxy profiles to constrain the size—
luminosity relation at z ~ 7. When considering only single-
component galaxies, we find a shallow relation consistent with
previous results at lower-redshift, with ry/, oc L1, However, if we
include multiple-component galaxies, we instead find a significantly
steeper slope consistent with ry > o 93, illustrating the importance
of these irregular, clumpy, galaxies at the bright end of our sample.

(vii) The shallow size—luminosity relation we find for the single-
component galaxies and the individual star-forming clumps shows
that the brightest galaxies have higher SFR surface densities com-
pared to fainter objects at z ~ 7. The derived values of Xgpr =~
5-20Mgp yr~! kpc~? are similar to those found in starburst galax-
ies and merger systems at lower redshift, indicating that the size—
luminosity relation at z 2~ 7 is driven predominantly by a luminosity-
dependent SFR surface density not a strong evolution in galaxy size.

In future, larger samples of similarly bright (and brighter) galax-
ies at z > 6 will be selected from wide-area surveys from, for
example, Euclid (Laureijs et al. 2011) and the Large Synoptic Sur-
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vey Telescope (Ivezic et al. 2008). The results of this work con-
firm that the number densities of the brightest (Myy ~ —22.5)
LBGs remain approximately constant from z >~ 5 to z >~ 7 (Bowler
et al. 2014, 2015), and that even within several degrees of imaging,
we find galaxies as bright as mag = 24. These results are encour-
aging for upcoming surveys, with the most luminous galaxies in
our sample being detectable even in the shallower ‘wide’ compo-
nent of the Euclid survey. Using our updated DPL (Schechter) fit to
the rest-frame UV LF, we predict that Euclid will detect 3100300
(33007.20°) LBGs brighter than map = 26 at z =~ 7 in the ‘deep’ sur-
vey (40 deg?; Laureijs et al. 2011). The comparable number counts
between the DPL and Schechter parametrization in this case re-
flect the similarity in these functions around L*. In contrast for
the ‘wide’ component (15000 deg?), we predict 20001"?288 LBGs
brighter than mapg = 24 from our DPL function fit, and <50 for the
Schechter fit. We note that both the DPL and Schechter functions
underestimate the observed number of LBGs at very bright magni-
tudes. If we simply take the observed number density of galaxies
brighter than map = 24 in our survey (1 galaxy over 1.65 deg?), we
predict 210 000 LBGs in the Euclid ‘wide’ survey. Therefore, it is
evident that wide-area surveys will be able to clearly distinguish
between the proposed functional forms for the z >~ 7 rest-frame UV
LF. Cool galactic brown dwarfs have surface densities that outnum-
ber high-redshift galaxies at bright magnitudes (map < 25; Ryan
et al. 2011; Bowler et al. 2015), and hence are the dominant con-
taminant for bright LBG samples selected over very wide areas. The
large observed sizes of the brightest LBGs in our sample however,
reassuringly suggest that the z >~ 7 LBGs detected by Euclid will
be clearly spatially resolved and be dominated by irregular, clumpy
morphologies.

ACKNOWLEDGEMENTS

This work was supported by the Oxford Centre for Astrophysical
Surveys which is funded through generous support from the Hintze
Family Charitable Foundation. RAAB and JSD acknowledge the
support of the European Research Council via the award of an Ad-
vanced Grant (PI J. Dunlop), and the contribution of the EC FP7
SPACE project ASTRODEEP (Ref. No: 312725). RIM and DJM
acknowledge the support of the European Research Council via the
award of a Consolidator Grant (PI R. McLure). This publication
arises from research partly funded by the John Fell Oxford Univer-
sity Press (OUP) Research Fund. Based on observations made with
the NASA/ESA Hubble Space Telescope, obtained (from the Data
Archive) at the Space Telescope Science Institute, which is operated
by the Association of Universities for Research in Astronomy, Inc.,
under NASA contract NAS 5-26555. These observations are associ-
ated with programme #13793. This work is based on data products
from observations made with ESO Telescopes at the La Silla Paranal
Observatories under ESO programme ID 179.A2005 and on data
products produced by TERAPIX and the Cambridge Astronomy
survey Unit on behalf of the UltraVISTA consortium. This study was
based in part on observations obtained with MegaPrime/MegaCam,
a joint project of CFHT and CEA/DAPNIA, at the Canada—France—
Hawaii Telescope (CFHT), which is operated by the National Re-
search Council (NRC) of Canada, the Institut National des Science
de I’Univers of the Centre National de la Recherche Scientifique
(CNRS) of France and the University of Hawaii. This work is based
in part on data products produced at TERAPIX and the Canadian
Astronomy Data Centre as part of the CFHTLS, a collaborative
project of NRC and CNRS. This work is based in part on observa-
tions made with the Spitzer Space Telescope, which is operated by



the Jet Propulsion Laboratory, California Institute of Technology
under a NASA contract.

REFERENCES

Arnouts S., Cristiani S., Moscardini L., Matarrese S., Lucchin F., Fontana
A., Giallongo E., 1999, MNRAS, 310, 540

Ashby M. L. N. et al., 2013, ApJ, 769, 80

Barone-Nugent R. L. et al., 2014, ApJ, 793, 17

Beckwith S. V. W. et al., 2006, AJ, 132, 1729

Bouwens R. ., Illingworth G. D., Blakeslee J. P., Franx M., 2006, ApJ, 653,
53

Bouwens R. J. et al., 2011, ApJ, 737, 90

Bouwens R. J. et al., 2014, ApJ, 793, 115

Bouwens R. J. et al., 2015, ApJ, 803, 34

Bowler R. A. A. et al., 2012, MNRAS, 426, 2772

Bowler R. A. A. et al., 2014, MNRAS, 440, 2810

Bowler R. A. A. et al., 2015, MNRAS, 452, 1817

Bruzual G., Charlot S., 2003, MNRAS, 344, 1000

Buitrago F., Trujillo I., Conselice C. J., Haussler B., 2013, MNRAS, 428,
1460

Calzetti D., Armus L., Bohlin R. C., Kinney A. L., Koornneef J., Storchi-
Bergmann T., 2000, ApJ, 533, 682

Chabrier G., 2003, PASP, 115, 763

Conselice C. J., 2014, ARA&A, 52, 291

Conselice C. J., Arnold J., 2009, MNRAS, 397, 208

Conselice C. J., Bershady M. A., Dickinson M., Papovich C., 2003, AJ, 126,
1183

Curtis-Lake E. et al., 2016, MNRAS, 457, 440

Daddi E. et al., 2010, ApJ, 714, L118

de Barros S., Schaerer D., Stark D. P., 2014, A&A, 563, A81

Dekel A., Burkert A., 2014, MNRAS, 438, 1870

Dunlop J. S. et al., 2013, MNRAS, 432, 3520

Dye S. et al., 2006, MNRAS, 372, 1227

Ellis R. S. etal., 2013, ApJ, 763, L2

Elmegreen D. M., Elmegreen B. G., Rubin D. S., Schaffer M. A., 2005, ApJ,
631, 85

Elmegreen B. G., EImegreen D. M., Fernandez M. X., Lemonias J. J., 2009,
ApJ, 692, 12

Finkelstein S. L. et al., 2013, Nature, 502, 524

Finkelstein S. L. et al., 2015, ApJ, 810, 71

Furusawa H. et al., 2008, ApJS, 176, 1

Furusawa H. et al., 2016, ApJ, 822, 46

Galametz A. et al., 2013, ApJS, 206, 10

Genzel R. et al., 2010, MNRAS, 407, 2091

Grazian A. et al., 2012, A&A, 547, A51

Grogin N. A. et al., 2011, ApJS, 197, 35

Guo Y. et al., 2015, ApJ, 800, 39

Harikane Y. et al., 2016, ApJ, 821, 123

Holwerda B. W., Bouwens R., Oesch P., Smit R., Illingworth G., Labbe I.,
2015, ApJ, 808, 6

Huang K.-H., Ferguson H. C., Ravindranath S., Su J., 2013, ApJ, 765, 68

Tlbert O. et al., 2006, A&A, 457, 841

Illingworth G. D. et al., 2013, ApJS, 209, 6

Ivezic Z. et al., 2008, preprint (arXiv:0805.2366)

Jarvis M. J. et al., 2013, MNRAS, 428, 1281

Jiang L. et al., 2013a, ApJ, 772, 99

Jiang L. et al., 2013b, ApJ, 773, 153

Kawamata R., Ishigaki M., Shimasaku K., Oguri M., Ouchi M., 2015, ApJ,
804, 103

Kennicutt R. C., 1998, ARA&A, 36, 189

Koekemoer A. M. et al., 2007, ApJS, 172, 196

Koekemoer A. M. et al., 2011, ApJS, 197, 36

Lacey C. G. et al., 2016, MNRAS, 462, 3854

Laureijs R. et al., 2011, preprint (arXiv:1110.3193)

Law D. R., Steidel C. C., Shapley A. E., Nagy S. R., Reddy N. A., Erb
D. K., 2012, ApJ, 745, 85

HST/WFC3 imaging of bright z >~ 7 LBGs 3633

Lawrence A. et al., 2007, MNRAS, 379, 1599

Livermore R. C. et al., 2015, MNRAS, 450, 1812

Lorenzoni S., Bunker A. J., Wilkins S. M., Caruana J., Stanway E. R., Jarvis
M. J., 2012, MNRAS, 429, 150

Lotz J. M., Primack J., Madau P., 2004, AJ, 128, 163

Lotz J. M., Jonsson P., Cox T. J., Primack J. R., 2010a, MNRAS, 404,
575

Lotz J. M., Jonsson P., Cox T. J., Primack J. R., 2010b, MNRAS, 404,
590

McCracken H. J. et al., 2012, A&A, 544, A156

McLeod D. J., McLure R. J., Dunlop J. S., Robertson B. E., Ellis R. S.,
Targett T. A., 2015, MNRAS, 450, 3032

McLeod D. J., McLure R. J., Dunlop J. S., 2016, MNRAS, 459, 3812

McLure R. J., Cirasuolo M., Dunlop J. S., Foucaud S., Almaini O., 2009,
MNRAS, 395, 2196

McLure R. J. et al., 2013, MNRAS, 432, 2696

Madau P., 1995, ApJ, 441, 18

Madau P., Pozzetti L., Dickinson M., 1998, ApJ, 498, 106

Mandelker N., Dekel A., Ceverino D., DeGraf C., Guo Y., Primack J., 2017,
MNRAS, 464, 635

Marmol-Queralto E., McLure R. J., Cullen F., Dunlop J. S., Fontana A.,
McLeod D. J., 2016, MNRAS, 460, 3587

Massey R., Stoughton C., Leauthaud A., Rhodes J., Koekemoer A., Ellis R.,
Shaghoulian E., 2010, MNRAS, 401, 371

Merlin E. et al., 2015, A&A, 582, A15

Mortlock A. et al., 2013, MNRAS, 433, 1185

Mosleh M., Williams R. J., Franx M., Kriek M., 2011, ApJ, 727, 5

Mosleh M. et al., 2012, ApJ, 756, L12

Nelson E. J. et al., 2016, ApJ, 828, 27

Oesch P. A. etal., 2010, ApJ, 709, L16

Oesch P. A. et al., 2012, ApJ, 759, 135

Oesch P. A. etal., 2014, ApJ, 786, 108

Oesch P. A. et al., 2015, ApJ, 804, L30

Oke J. B., 1974, AplS, 27, 21

Oke J. B., Gunn J. E., 1983, ApJ, 266, 713

Ono Y. etal., 2012, ApJ, 744, 83

Ono Y. et al., 2013, ApJ, 777, 155

Ouchi M. et al., 2009, ApJ, 706, 1136

Ouchi M. et al., 2010, ApJ, 723, 869

Ouchi M. et al., 2013, ApJ, 778, 102

Peng Y. et al., 2010, ApJ, 721, 193

Postman M. et al., 2012, ApJS, 199, 25

Ravindranath S. et al., 2006, ApJ, 652, 963

Ribeiro B. et al., 2016, A&A, 593, A22

Roberts-Borsani G. W. et al., 2016, ApJ, 823, 143

Rodriguez-Gomez V. et al., 2015, MNRAS, 449, 49

Rogers A. B. et al., 2014, MNRAS, 440, 3714

Ryan R. E. et al., 2011, ApJ, 739, 83

Salpeter E. E., 1955, ApJ, 121, 161

Schenker M. A. et al., 2013, ApJ, 768, 196

Schmidt M., 1968, ApJ, 151, 393

Schmidt K. B. et al., 2014, ApJ, 786, 57

Scoville N. et al., 2007, ApJS, 172, 38

Scudder J. M., Ellison S. L., Torrey P., Patton D. R., Mendel J. T., 2012,
MNRAS, 426, 549

Shapley A. E., 2011, ARA&A, 49, 525

Shen S., Mo H. J., White S. D. M., Blanton M. R., Kauffmann G., Voges
W., Brinkmann J., Csabai 1., 2003, MNRAS, 343, 978

Shibuya T., Ouchi M., Harikane Y., 2015a, ApJS, 219, 15

Shibuya T., Ouchi M., Kubo M., Harikane Y., 2015b, ApJ, 821, 72

Smit R. et al., 2014, ApJ, 784, 58

Smit R., Bouwens R. J., Labbé I., Franx M., Wilkins S. M., Oesch P. A.,
2016, ApJ, 833,254

Sobral D., Matthee J., Darvish B., Schaerer D., Mobasher B., Rottgering
H.J. A., Santos S., Hemmati S., 2015, ApJ, 808, 139

Stark D. P., Schenker M. A, Ellis R., Robertson B., McLure R., Dunlop J.,
2013, ApJ, 763, 129

Stark D. P. et al., 2017, MNRAS, 464, 469

MNRAS 466, 3612-3635 (2017)


http://arxiv.org/abs/0805.2366
http://arxiv.org/abs/1110.3193

3634 R. A. A. Bowler et al.

Steidel C. C., Adelberger K. L., Giavalisco M., Dickinson M., Pettini M.,
1999, ApJ, 519, 1

Steinhardt C. L. et al., 2014, ApJ, 791, L25

Sutherland W. et al., 2015, A&A, 575, A25

Talia M., Cimatti A., Mignoli M., Pozzetti L., Renzini A., Kurk J., Halliday
C., 2014, A&A, 562, A113

Tasca L. A. M. et al., 2009, A&A, 503, 379

van der Burg R. E. J., Hildebrandt H., Erben T., 2010, A&A, 523, A74

Venemans B. P. et al., 2013, ApJ, 779, 24

Warren S. J. et al., 2007, MNRAS, 375, 213

Willott C. J. et al., 2010, AJ, 139, 906

Willott C. J. et al., 2013, AJ, 145, 4

Wauyts S. et al., 2012, ApJ, 753, 114

Zitrin A., Ellis R. S., Belli S., Stark D. P., 2015, ApJ, 805, L7

APPENDIX A: SIMULATIONS OF
MULTIPLE-COMPONENT GALAXIES

The results of our HST/WFC3 imaging of bright z >~ 7 LBGs re-
veals a high prevalence of multiple-component, clumpy systems at
the bright end of the sample. As the imaging is of constant depth
for each object, while the galaxy apparent magnitudes differ by
~2 mag, we must consider whether this observation represents a
genuine trend or is a result of the varying signal-to-noise throughout
the sample. In Fig. A1, we show the results of a simple simulation
to investigate the sensitivity of our observations to multiple com-
ponents at fainter magnitudes. For the four brightest LBGs in our
sample, we created a noise-free model using GaLFIT. The best-fitting

304416 169850

models are shown in the top row of Fig. A1, where the stamps are
scaled in an identical way to the real data shown in Fig. 5. We also
included the LAE Himiko (ID 88759) in this analysis for compar-
ison, as it shows a particularly clumpy and extended morphology.
We then progressively reduced the total apparent magnitude (mea-
sured in a large 3-arcsec-diameter circle apertures) of each galaxy
model, and introduced authentic noise by injected the model into
blank regions of the HST/WFC3 J 4, data.

If we first consider the galaxies in our sample brighter than
map < 25.0, our simulations show that multiple-component galax-
ies similar to those found at the very bright end of our sample
are detectable as multicomponent or extended systems at slightly
fainter magnitudes. This is in contrast to the observed profiles
of the LBGs in our sample with 24.5 < map < 25.0, which
show relatively compact, single-component morphologies (e.g.
1D238225, ID304384, ID185070) in addition to clumpy morpholo-
gies (ID30425, ID28495). Smooth single-component morphologies
are not represented in the simulations of the brightest galaxies when
dimmed to this fainter magnitude, suggesting that the brightest
galaxies do genuinely have a different morphology. An alternative
interpretation could be the effect of orientation, with the very bright-
est galaxies being the more ‘edge-on’ systems. Larger samples of
extremely bright LBGs are clearly needed to constrain the trend of
multiples with luminosity; however, with our sample we find that at
the very bright end of our sample (Myy < —22.5) multiple compo-
nents do appear to be more prevalent than in fainter galaxies. This is
in agreement with the results of Shibuya et al. (2015b), who found
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Figure A1. Mock observations of multiple-component galaxies in our sample, as they would appear at fainter magnitudes. From left to right, the images
show the brightest four galaxies in our sample in order of rest-frame UV magnitude, followed by the triple-merger system Himiko (ID 88759), which shows
a particularly clumpy morphology. The stamps are identical to those shown in Fig. 5 in their scaling and size (3.0 arcsec on a side). The upper row shows the
best-fitting caLrIT model to the galaxies, at the original apparent magnitude. In the lower plots, we show the results of dimming the galaxies to progressively

fainter total magnitudes of map = 24.75 and map = 25.5.
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some evidence for a trend with Myy in the fraction of LBGs that components rather than compact discrete clumps. We are therefore
show clumps. only sensitive to multiple-component morphologies at the faint end
For the faintest galaxies in our sample, with 25.0 < map < 26.0, of our sample when the profile shows compact emission such as for

our simulations show that for ID304416, ID169850 and 1ID279127 ID65666 and Himiko/ID88579.

only the brightest peak in the galaxy profile would be visible if it

was at the faint end of our sample. This is a result of the flux in

these objects being distributed amongst several extended/irregular This paper has been typeset from a TeX/IATEX file prepared by the author.
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